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.ABSTRACT 


The  objective  of  this  program  wa<s  to  develop  an  ultra-high  strength  steel 
in  the  300  to  320  ksi  ultimate  tensile  strength  range,  with  improved 
fatigue  strength,  fracture  toughness,  and  stress  corrosion  resistance  for 
greater  reliability  in  forged  landing  gear  components.  Alloy  development 
studies  were  conducted  on  two  bainitic  alloy  systems  and  two  martensitic 
alloy  systems  in  order  to  develop  the  best  combination  of  mechanical  pro¬ 
perties  at  tensile  strength  levels  in  excess  of  300,000  pal.  Of  the  four 
alloy  systems  investigated,  steels  from  the  low  alloy  medium  carbon  Si-Cr- 
Mo-Si-V  martensitic  system  developed  the  best  combination  of  fracture 
toughness,  fatigue  strength  and  stress  corrosion  cracking  resistance.  A 
martensitic  alloy  was  developed  with  s  nominal  composition  of 
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which  achieves  the  following  average  longitudinal  properties  based  on 
laboratory  sited  heats:  Y.S.  =  268  ksi,  U.T.S.  =  311  ksi,  El.  =  12?-, 

R.A.  =  44%,  CVN  <=  20  ft- lbs,  Kjc  *  60  ksi  /in,,  KISCC  *=  17  ^si  /in. ,  innotch 
fatigue  strength  at  10'  cycles  of  170  ksi,  and  a  notch  (K*  *  3.0)  fatigue 
strength  of  80  ksi. 

The  stress  corrosion  studies  demonstrated  that  variations  in  phosphorous, 
sulfur,  silicon,  chromium,  aid  molybdenum,  significantly  influenced  plane 
strain  fracture  toughness  properties,  but  had  essentially  no  effect  on  the 
Kiscc  sxresa  corrosion  cracking  resistance  parameter.  The  low  alloy 
IJi-Cr-Mo-Si-V  martensitic  steels  had  greater  SCC  resistsnce  than  the  beat 
bsinitic  steel. 

Processing  studies  conducted  on  two  bainitic  alloys  and  one  martensitic 
alloy  revealed  that  the  vacuum  arc  remelted  (VAR)  steels  had  the  highest 
levels  of  fracture  toughness,  and  the  electroslag  reoelted  (ESR)  steels  hud 
the  lowest  levels  of  fracture  toughness.  Investigating  the  influence  ef 
melting  practice  on  fatigue  properties  demonstrated  that  for  the  two  bainitic 
steels  the  ESR  material  had  the  highest  fatigue  strengths,  and  the  VIM 
material  the  lowest  fatigue  strengths.  For  the  martensitic  steel  the  YAS 
material  had  the  highest  fatigue  strengths  followed  by  the  ESR  material  and 
the  VIM  material.  The  experimental  steels  demonstrated  tension- tension  ua- 
notch  fatigue  strengths,  at  10?  cycles,  in  the  range  of  170,000  to  2iO,OG0 
psi.  Notch  (Xt  =  3.0)  fatigue  strengths  at  10?  cycles  of  80,000  psi  were 
achieved.  Thermal-mechanical  working  treatments  demonstrated  that  the  itreijgth 
and  toughness  properties  of  ultra-high  strength  low  allpy  martensitic  and 
bainitic  steels  are  influenced  only  slightly  by  refinement  of  the  prior 
austenite  grain  size. 

Comparison  of  the  mechanical  properties  of  the  newly  developed,  lev  alley  aer- 
tensitic  steels  with  similar  properties  of  currently  used  commercial  ultra- 
high  strength  steel?  revealed  that  the  strength- toughness  end  the  strength*- 
SCC  resistance  cheracfeerietics  of  the  new  low  alloy  martensitic  steels 
superior  to  those  of  the  commercially  produced  steels.  Both  the  uanotcb  and 
notch  fatigue  strengths  of  the  new  Ni-Cr-Ko-Si-V  martensitic  steels  were 
superior  to  the  similarly  measured  fatigue  strengths  of  the  commercial  steels. 
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I.  INTRODUCTION 


The  increasingly  stringent  requirements,  in  terms  of  load,  range, 
maneuverability,  and  performance  of  present  and  future  military  and  commer¬ 
cial  aircraft,  places  increasing  demands  upon  the  strength  and  reliability 
of  the  stesl3  and  other  high  strength  materials  used  in  these  aircraft. 

Hie  great  need  to  save  weight  in  these  larger  and  higher  performance  aircraft, 
justifiably  causes  designers  to  look  for  higher  and  higher  strength  steels. 

Hie  increased  strength,  however,  must  not  be  accompanied  by  decreases  in 
fracture  toughness,  fatigue  strength,  and  stress  corrosion  cracking  resis¬ 
tance  in  order  to  ensure  reliability  in  the  perform* nee  of  the  critical  load 
bearing  components.  For  it  is  well  known  that  very  small  flaws,  excessive 
inclusion  contents,  or  hostile  environments  can  cause  catastrophic  failures 
at  stresses  well  below  the  design  level,  if  the  material  lacks  sufficient 
fatigue  strength,  toughness,  or  stress  corrosion  resistance. 

Hie  objective  of  this  program  was  to  develop  an  ultra-high  strength  steel 
in  the  300  to  320  ksi  ultimate  tensile  strength  range,  with  improved  fatigue 
strength,  fracture  toughness,  and  stress  corrosion  resistance  for  greater 
reliability  in  forged  landing  gear  components  and  related  structural  airframe 
applications.  The  guaranteed  minimum  ultimate  tensile  strengths  of  the  two 
currently  widely  used  low  alloy  steels  for  landing  gears  are  260  ksi  for  4340 
steel  and  270  ksi  for  300  M  steel.  An  increase  in  the  guaranteed  minimum 
ultimate  tensile  strength  to  300  ksi  would,  therefore,  represent  a  10  to  15X 
increase  in  ultimate  tensile  strength  level.  The  approach  to  achieving  these 
goals  was  to  conduct  concurrent  alloy  development  and  processing  studies. 

The  alloy  development  efforts  included  three  separate  approaches  «s  follows: 

A.  Low  Alloy  Bainxtes,  B,  Medium  Alloy  Baiaites,  and  C.  Low  Alloy  Martensites. 
The  processing  studies  included  the  influence  of  impurities  and  melting 
practice  on  mechanical  properties  as  evidenced  by  the  effects  of  vacuum  in¬ 
duction  melting,  electroslag  remelting,  and  vacuum  afe  remelting;  and  the 
effects  of  thermal -mechanical  working  cn  an  annealed  ferrite-carbide  matrix  and 
its  influence  on  he8t  treated  properties  of  lev  alloy  steel*. 


II.  MATERIALS  ASP  FKUCgDURSS 


A.  Materials 

The  great  majority  of  the  experimental  alloys  were  melted  in  a  50  lb  vacuum 
induction  melting  (VIM)  furnace.  Hie  alloys  were  melted  either  as  single 
50  lb  ingots  or  three-way  split  heats  resulting  in  three  16  lb  ingots. 

Fifteen  heats  (Heats  El  through  15)  were  melted  in  a  300  lb  VIM  furnace  at 
Battelle  Memorial  Institute,  Columbus,  Ohio,  as  two-way  split  heats  resulting 
in  50  lb  ingots.  Some  of  the  earlier  bainitic  steels  were  melted  in  an  air 
induction  furnace  and  poured  into  70  lb  ingot  sold*.  A  prefix  of  the  letters 
A,  B,  or  C  before  a  heat  number  indicate  an  air  Induction  melted  heat,  while 
the  letters  V  or  Z  indicate  a  VIH  heat.  All  ingots  were  forged  at  2150  F, 
conditioned,  and  rolled  to  1/2-iach  thick  slate  at  1550  F. 
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Three  experimental  alloys  (C229,  C230,  C231)  were  initially  air  induction 
melted  as  85  lb  ingots,  forged  to  2-5/8- inch  diameter  rounds,  and  electro¬ 
slag  remelted  (ESR)  by  Mellon  Institute,  Pittsburgh,  Pennsylvania.  The 
electrodes  were  remelted  in  a  water  cooled  copper  mole  using  AC  power  at  a 
current  of  2000  to  1400  amps  and  a  voltage  of  39  to  43  volts.  The  melting 
rate  was  1  to  1.2  Ibs/min.  An  automatic  electrode  guide  mechanism  kept  the 
electrode  20  to  30  mm  into  the  flux,  using  a  3-inch  flux  gap.  The  flux  used 
contained  60-70%  C??2>  10-15%  lime,  and  the  balance  alumina.  One  ingot 
(Heat  C229)  had  a  rough  surface  because  the  furnace  controls  kept  cutting  off 
and  the  high  lime  flux  boiled  up  during  remelting. 


The  vacuum  are  reaelted  (VAR)  heats  were  melted  at  our  Central  Alloy  District 
Canton,  Ohio,  as  350  lb  electric  furnace  heats  using  a  standard  double  slag 
practice  and  poured  into  9-inch  diameter  electrode  ingot  molds.  The  electrode 
ingots  wort  then  conditioned  and  consumable  vacuum  arc  remelted.  The  VAR 
ingots  were  then  forged  at  2150  F  to  4- inch  square  bars,  by  length,  cut  into 
14-inch  lengths,  conditioned,  forged  again  to  1-1/2-irtch  thick  slabs,  condi¬ 
tioned,  and  rolled  to  l/2-inch  thick  plate, 

B.  Test  Procedures 

The  following  general  procedure  was  used  in  the  processing  and  heat  treatment 
of  all  experiments!  alloys.  The  1/2-inch  thick  plate  material  was  sectioned 
into  rough  cut  1/2- inch  square  tensile  and  Charpy  coupons,,  gradient  bars, 
and  quenching  dilstcmeter  samples.  The  gradient  bars  were  hestc-d  in  a 
gradient  furnace,  with  a  2200  F  backwall  temperature,  and  water  quenched  in 
order  to  determine  the  A^,  Ao  and  carbide  solution  temperatures  for  subsequent 
heat  treatment  of  the  alloy.*  This  ensured  that  each  alloy  was  heat  treated 
correctly,  that  is  the  austenitizing  temperature  was  selected  as  the  minimum 
temperature  which  ensured  that  all  carbides  were  in  solution  (in  one  hot?r) 
in  the  austenite.  All  eechtnicel  property;  specimens  were  initially  normalized 
for  1  hour  at  a  temperature  of  100  to  150  F  above  the  austenitizing  tempera¬ 
ture  for  the  alloy.  All  heat  treatments  were  performed  in  neutral  sslt  baths 
and  the  martensitic  alloys  were  quenched  intG  120  F  agitated  oil,  and  double 
tempered  at  various  temperatures  for  2+2  hours.  When  refrigeration  treat¬ 
ments  were  used  the  material  w=s  refrigerated  before  tempering  at  -110  F  for 
I  hour.  The  quenching  di lefsseter  specimens  were  used  to  determine  the 
martensite  start  temperatures  -sad  if  the  alloy  was  heat  trented  baiaitically. 


the  TIT  curve  was  determined  msiaiiczraphically.  The  eechattica!  property 
specimen  coupons  Wwie  then  heat  treated  ant  subsequently  finish  ground,  fhe 
Charpy  Y-notch  specimens  were  of  standard  dimensions  (G. 304- inches  square 
and  2. 165-inches  long).  The  tensile  specimens  were  standard  0, 252-inch 
diameter  round  specimens  with  a  i-ir.ch  gage  length  ss  shown  in  Figure  t(d). 

All  tensile  tests  were  performed  st  re-c-m  temperature. 

The  plane-strain  fracture  toughness  tests  were  performed  «t  room  tsspoersture, 
in  ordinary  air,  and  at  -65  F  in  a  bath  of  cry  ice  and  trichloreethvieas  using  the 
notch  bend  specimen  shown  in  Figure  1(b).  The  preparation  of  the  test 
specimens  consisted  of  cutting  s  1/ 16- inch  slot  C.23S* inches  deep  by  a 
grinding  wheel  and  extending  its  base  approximately  O^uSO-inches  deep  by 
electric  discharge  machining,  using  G.GSS-ioch  thick  brass  shim  stock  which 
produced  about  s  0. 004-inch  wide  slot.  The  length  of  the  initial  notch  is 
denoted  ss,  a0,  in  Figure  1(b).  The  notch  va=  firths?  -^tended  about 
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0.120- inches  by  fatigue  precracking  the  specimen  in  a  three  point  bending 
configuration  and  from  load  measurements  the  maximum  stress  intensity  (Kf  max) 
at  the  crock  tip  during  f.nal  stages  of  fatigue  crack  growth  was  calculated 
to  be  typically  about  0.4i»  of  Kq  for  most  alloys  and  never  exceeding  60%  of 
Kq.  Thr?  final  crack  length,  a,  was  within  the  limits  of  0.45  to  0.55  W  where 
W  is  the  specimen  depth,  nominally  0.800-icches.  The  plane-strain  fracture 
toughness  tests  at  both  room  temperature  and  -65  ?  were  in  accord  with  and 
met  ail  of  the  current  ASTM  (E395-70T)  recommendations  and  requirements  for 
plane-strain  fracture  toughness  testing  (_1). 

The  stress  corrosion  tests  utilised  the  same  plane-strain  fracture  toughness 
specimen,  fatigue  precrscked  in  the  came  manner.  After  precracking  all 
specimens  were  stored  in  desiccators  prior  to  testing.  All  specimens  were 
cantilever  loaded  "wet"  (salt  solution  added  prior  to  the  application  of 
toad)  as  shown  in  Figure  2.  The  initial  stress- intensity  levels  (Kj^)  were 
calculated  according  to  the  relationship  given  by  Kies,  et  al.  (2).  The 
3-1/2%  NaCl  solution  was  changed  daily  except  on  weekends  and  specimens  were 
exposed  until  either  the  specimen  failed  or  a  minimum  time  of  200  hours  had 
elapsed. 

The  Charpy  V-notch  specimens  were  tested  at  various  temperatures  on  a  240 
ft- lb  capacity  SATEC  Impact  Tester  Model  SI- 1C,  which  was  certified  by  the 
Arny  Materials  and  Mechanics  Research  Center,  Watertown,  Massachusetts. 

Smooth  and  notched  (Kt  =  3.0)  fatigue  specimens  were  tested  in  tens ion- tens ion 
loading  at  an  R  value  of  +0.1  (R  is  the  ratio  of  minimum  stress  to  maximum 
stress).  The  unnotched  fatigue  specimens,  shown  in  Figure  3(a),  were  lapped 
to  produce  a  surface  finish  of  2  to  6  rms.  The  tests  were  performed  on  a 
Sonntag  Model  SF-4  fatigue  testing  machine  cycling  at  3600  cpm.  The  fatigue 
specimen  and  grips  were  surrounded  with  a  Tygon  tubing  container,  as  shown 
in  Figure  4.  through  which  a  flow  of  prepurified  nitrogen  gas  (dewpoint  of 
-SO  F)  is  passed  for  the  duration  of  the  test  in  order  to  maintain  a  constant, 
low  humidity,  testing  atmosphere.  The  alignment  of  the  machine,  loading 
train,  and  test  specimen  were  checked  thoroughly  both  statically  and  dynami¬ 
cally  in  order  to  minimize  bending  stresses. 


Ill,  RESULTS  AND  DISCUSSIOK 


The  results  of  the  alloy  development  studies  will  be  presented  initially,  and 
include  extensive  investigations  on  low  alloy  bainitic  steels,  medium  alloy 
bainitic  steels,  and  low  alloy  martensitic  steels.  The  results  Of  tbe 
stress  corrosion  investigations  will  be  presented  next,  followed  by  the 
r-ssults  of  the  processing  studies.  The  processing  studies  include  an  ex¬ 
tensive  investigation  of  the  effects  of  impurities  and  melting  practice  on 
tension- tension  fatigue  properties  and  the  effects  of  therms l-seehanicsl 
working  treatments  on  strength  aud  toughness  properties. 
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The  two  decomposition  products  of  austenite,  in  alloy  carbon  steels, 
which  can  be  utilized  to  achieve  ultra-high  strength  levels  are 
lower  bainite  and  martensite.  It  is  now  well  established  that  for 
the  same  composition  and  equivalent  strength  levels  lower  bainite 
has  toughness  properties  which  are  superior  to  tempered  martensite 
Q,4,5).  It  was  felt,  therefore,  that  if  a  bainitic  steel  could  be 
developed  with  strengths  in  excess  of  300,000  psi  ultimate  tensile 
strength  it  should  have  toughness  properties  superior  to  those  of 
a  martensitic  steel  at  the  same  strength  level.  One  approach  in  ed 
to  achieve  this  aim  was  to  suitably  alloy  a  steel  to  produce  an 
aging  response  or  secondary  hardening  upon  aging  subsequent  to  the 
isothermal  bainitic  treatment.  This  concept  and  these  steels  are 
hereafter  referred  to  as  bai raging  steels.  The  basic  alley  system 
chosen  was  a  medium  carbon  Ni-Cr-Mo-V  system.  The  compositions  of 
the  Ni-Cr-Mo-V  bainaging  alloys  are  presented  in  Table  I,  and  the 
tensile  and  Charpy  V-notch  impact  properties  are  presented  in 
Table  II.  As  mentioned  earlier  in  the  section  on  Test  Procedures, 
for  each  bainitic  alloy  the  A^,  A3,  carbide  solution  and  Mg 
temperatures  were  determined  along  with  the  complete  lover  bainite 
portion  of  the  TTT  curve  for  each  alloy.  Therefore,  the  mechanical 
properties  reported  are  for  the  optimum  heat  treatment  for  each 
alloy.  For  these  low  alloy  bainitic  steels  the  austenitizing 
temperatures  ranged  from  1550  F  to  1750  F  and  the  transformation 
times  ranged  from  6  hours  to  48  hours  to  ensure  that  a  completely 
bainitic  structure  w's  formed.  Each  alloy  was  isothermally  trans¬ 
formed  at  a  temperature  of  25  F  to  35  F  above  Its  Ms  temperature  in 
order  to  obtain  maximum  strength  properties.  The  age  hardening 
curves  for  these  alloys  indicated  that  If  age  hardening  did  occur, 
maximum  hardening  was  observed  at  a  temperature  of  approximately 
950  F  for  an  aging  time  of  4  hours. 

The  mechanical  properties  in  Table  II  reveal  that  if  the  alloy  over¬ 
ages  or  softens  upon  bainaging  at  950  F  the  roughness  generally 
increases,  however,  if  the  strength  level  remains  constant  or  in¬ 
creases  upon  bainaging  the  toughness  generally  decreases.  Thus  the 
strength-toughness  response  to  secondary  hardening  in  the3e 
bainitic  steels  is  very  similar  to  the  behavior  observed  in  secondary 
hardening  martensitic  steels.  The  data  in  Tables  I  and  II  also 
reveal  that  for  a  given  strength  level  an  increase  in  Ni  is  beneficial 
to  toughness  and  that  increasing  Cr  and  B  are  detrimental  to  toughness. 
Three  of  the  alloys  (B332,  B333,  and  B355)  had  ultimate  tensile 
strengths  in  excess  of  300,000  psi  In  the  as- transformed  condition, 
while  the  highest  strength  obtained  in  the  aged  condition  was 
294,000  psi  for  alloy  B346.  These  results  indicate  that  in  order  to 
obtain  an  ultimate  tensile  strength  of  300  ksi  in  these  bainitic 
steels  a  minimum  carbon  content  of  0.50%  will  be  required.  While  a 
strength  level  of  301  ksi  war  obtained  for  alloy  B355  with  0.45Z 
carbon  and  2.00%  silicon  this  is  not  a  desirable  approach  because  of 
the  very  detrimental  influence  of  the  high  silicon  content  on  Charpy 
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impact  toughuer? .  Based  on  these  results  six  additional  compositions 
were  vacuum  induction  melted,  processed,  and  mechanical  properties 
determined.  The  expositions  of  these  alloys  (Z3&9  through  2394)  are 
presented  in  Table  I,  end  the  mechanical  properties  ere  presented  in 
Table  III,  About  4%  cobalt  was  added  to  all  of  these  alloys  in 
order  tu  oo'?e  the  bsinite  finish  curve  to  the  left  or  shorter  times. 
All  of  these  six  alloys  were  isotheraslly  transformed  for  6  hours*. 

The  data  in  Table  III  reveal  that  all  of  the  alloys  meet  the  strength 
requirements  in  the  as  transformed  condition  but  that  significant 
softening  occurs  upon  aging  all  alloys.  As  anticipated  the  alloy 
with  the  highest  molybdenum  content  (2391)  demonstrated  rhe  highest 
retentivity  of  strength  upon  aging,  As  was  shuan  by  the  data  in 
Table  II  the  elements  which  produce  age  hardening  (chromium  and 
molybdenum)  cannot  be  raised  to  too  high  a  level  because  a  severe 
loss  in  toughness  accompanies  &  pronounced  ege  hardening  response. 

The  strength  and  toughness  response  of  these  bainitic  steels  >ii  a 
function  of  chromium  and  molybdenum  contents  ere  ghosts  is  Figures  5 
and  6.  Increasing  chromium  content  is  seen  to  have  a  slight 
strengthening  effect  for  all  three  heat  treatment  ecr.ditic.ns  and  an 
inconsistent  and  unpronounced  effect  oa  toughness  properties. 
Increasing  molybdenum  content  increases  strength  and  decreases  Charpy 
impact  toughness  as  shown  in  Figure  6.  The  lower  strength  of  the  as 
transformed  bainite  at  the  highest  molybdenum  level  is  not  s  real 
compositional  effect  but  is  probably  attributed  to  a  higher  isothermal 
transformation  temperature  for  alloy  2391.  Alloys  2389,  2390,  and 
Z391  were  isotherms liy  transformed  to  bainite  for  6  hours  at  495  F, 

475  F,  and  525  F  respectively. 

The  strength- toughness  properties  of  these  aa  transformed  bainitic 
steels  are  shown  in  Figure  7.  The  mechanical  properties  shown  in 
Figure  7  and  similar  data  on  the  other  alloy  systems  illustrated 
throughout  this  rap^-l  are  plotted  in  this  manner  in  order  to  readily 
compare  the  strength- tot\  ness  relationships  of  the  experimental 
alloys  with  those  of  the  lirrently,  widely  used  300  M  steel.  As 
300  M  steel  is  the  most  widely  used  ccsssercisl  alloy  for  forged  land¬ 
ing  gear  components  it  seems  appropriate  to  compere  the  strength^- 
toughness  properties  of  the  experimental  alloys  trite  fee  streagth- 
toughness  properties  of  similarly  processed  50  lb  VIM  laboratory 
produced  300  M  steel.  When  300  M  steel  is  vacuum  induction  melted 
and  processed  in  the  same  manner  as  the  experimental  alloys,  it 
typically  achieves  an  ultimate  tensile  strength  of  286  ksi  with 
Charpy  V-notch  impact  energy  values  of  IS  ft- lbs  at  ^-70  F  and 
16  ft- lbs  at  -65  F  when  tested  in  the  longitudinal  direction. 
Therefore,  the  coordinates  drawn  in  Figure  7  end  ip.  other  figures 
throughout  the  report  are  drawn  at  a  value  of  286  ksi  U.T.S.  and 
19  ft-lbs  Charpy  V-notch  impact  energy  for  ready  c caparison  with  the 
Strength- toughness  properties  of  the  experimental  alloys,  from  the 
data  in  Figure  7  it  can  be  seen  that  while  the  desired  strength 
levels  were  achieved,  the  Charpy  impact  energy  values  did  not  reach 
the  desired  levels.  As  the  strength- toughness  relationships  of  these 
low  alloy  bainitic  steels  did  not  look  encouraging* work"  is  this  alloy 
system  was  terminated. 
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Medium  Alloy  Bainitic  Steels 


2. 


At  the  260  to  .280  ksi  ultimate  tensile  strength  level  HP  9-4-45 
steel  heat  treated  bainitically  has  the  best  combination  of  strength 
and  toughness  of  any  available  commercial  alloy.  It's  only  short¬ 
coming  is  that  it  is  limited  to  a  minimum  tensile  strength  of  about 
260  ksi.  Therefore,  efforts  were  initiated  to  modify  HP  9-4-45 
steel  in  order  to  increase  the  strength  level  range  of  the  bainitic 
micros true ture.  Initially  twelve  70  lb  air  induction  heats  were 
made  to  determine  if  the  strength  level  could  be  increased  readily. 
After  determining  the  TTT  diagrams  of  the  twelve  alloys,  four  of  the 
alloys  had  unsuitable  TTT  curves  for  bainitic  heat  treatment, 
therefore  only  eight  of  the  alloys  were  heat  treated  for  mechanical 
properties.  The  compositions  of  these  alloys  are  presented  in 
Table  I  and  the  properties  are  listed  in  Table  IV.  Of  these  eight 
alloys  only  alloy  B297  showed  promise  toward  achieving  higher 
strength  levels.  It's  toughness  level  is  also  very  high  considering 
that  these  were  air  melted  ingots.  Based  on  these  results  eleven 
additional  medium  alloy  bainitic  steels,  with  varying  levels  of 
carbon,  nickel,  chromium,  and  molybdenum  were  vacuum  induction  melted, 
processed  and  tested.  The  compositions  of  these  steels  (Heats  Z211 
through  Z225)  are  presented  in  Table  I  and  the  mechanical  properties 
are  presented  in  Table  V.  Alloys  Z211  through  Z214  are  high  carbon 
modifications  of  the  previous  most  promising  medium  alley  bainitic 
steel,  (Heat  B297).  The  data  in  Table  V  reveal  that  increasing  the 
carbon  content  has  lowered  the  Mg  temperature  sufficiently  to  enable 
the  desired  strength  levels  to  be  achieved  in  a  bsinitic  micro- 
structure.  Bach  of  these  four  slioys  were  isotherms lly  transformed 
at  both  25  and  75  P  above  their  respective  Ms  temperatures.  The  two 
highest  carbon  heats,  Z213  and  Z214  achieved  tensile  strengths 
greater  than  330,000  psi.  The  increase  in  strength  level  was.  however, 
cot  without  cost  as  the  impact  properties  were  decreased  considerably. 
The  strength- toughness  relationships  of  these  alloys  are  illustrated 
in  Figure  8. 

Seven  heats  of  the  medium  alloy  bainitic  steels,  Z219  through  Z225, 
were  investigated  to  determine  the  effects  of  varying  Ni,  Co,  Cr, 

Mo,  and  Si  levels  on  strength  and  toughness  properties.  Heats  Z219, 
Z220  and  Z221  (see  Tables  I  and  V)  are  a  0.46Z  C,  3.5Z  Hi,  2. OX  Co 
composition  with  varying  silicon  content.  As  shown  in  Figure  9  it 
can  be  seen  that  increasing  Si  produced  a  modest  increase  in  strength 
with  a  commensurate  decrease  in  Charpy  impact  toughness.  These  alloys, 
however,  are  short  of  the  desired  strength  level  range.  Alloys  Z222, 
2223,  and  Z224  are  a  modified  Krupp  steel'witb  higher  carbon  contents 
for  strength,  and  cobalt  added  to  decrease  the  bainite  fL.ish  times. 

Hie  strength  level  of  these  bainitic  steels  are  also  marginal.  The 
tensile  strength-Charpy  impact  toughness  relationships  for  these 
heats  are  also  shown  in  Figure  8.  As  the  strength- toughness  relation¬ 
ships  of  these  medium  alloy  bainitic  steels  did  not  look  promising, 
work  in  this  alloy  system  was  stopped. 
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3.  Low  Alloy  Martensitic  Steels 

a.  Medium  Carbon  Nl-Cr-Ko-W^V  System 

Ihe  low  alloy  martensitic  steel  approaches  Involved  two  alloy 
systems,  and  the  first  alloy  system  investigated  was  the  medians 
carbon  Ni-Cr-Mo-W-V  system.  As  evidence  existed  Indicating  that 
tungsten  enhances  the  toughness  of  medium  carbon  martensitic 
steels  (6)  as  well  as  the  toughness  of  tool  steels  (7)  It  was 
decided  *to  thoroughly  explore  the  influence  of  tungsTen  on  tough¬ 
ness  in  low  alloy  ultra-high  strength  steels.  The  composition 
and  properties  of  the  initial  heats  in  the  Hi-Cr-Mo-W-V  system 
(Heats  V 707  through  279)  are  presented  in  Tables  I  and  VI 
respectively.  Alloys  Z75,  Z77 t  Z78,  and  279  are  remake  heats  of 
V710,  V748,  V750  and  V751  respectively,  because  of  missed  com¬ 
positions.  These  alloys  were  designed  statistically  using  a  1/3 
replicate  of  a  32  factorial  experiment,  confounding  using  the 
W(ABC)  aliases.  The  mechanical  property  data  in  Table  VI  were 
analyzed  statistically  and  the  results  of  regression  analyses  for 
the  400  F  temper  data  are  shown  below: 

U.T.S.,  ksi  =  +  65. 5  +  468.5  (ZC)  +13.1  (XCr) 

+  5,9  (XMo)  +  6.9  (ZW) 

2 

R  -  0.85  Standard  Error  »  6.8  ksi 

CVN,  ft- lbs  =  +  41.1  -  8.6  (XCr)  -  22.3  (XHo) 

-  8.7  (W)  +2.9  (XCr2)  +  7.0  (XtSo2) 

+  2.0  (X5f2) 

2 

R  =0.74  Standard  Error  =  3.5  ft- lbs 

2 

R  is  the  multiple  correlation  coefficient  which  measures  the 
fraction  of  total  variation  about  the  average  of  the  dependent 
variable,  which  has  been  explained  by  the  regression  equation. 

R"  can  range  between  0  and  1,  values  close  to  1  meaning  Cbst 
most  of  the  variation  in  the  dependent  variable  has  been  ex¬ 
plained  by  the  regression  equation.  Values  near  0  indicate  that 
the  regression  equation  has  explained  little  of  the  variation 
in  the  dependent  variable.  The  standard  error  or  standard  error 
of  estimate  is  a  measure  of  the  goodness  of  fit  of  the  regres¬ 
sion  equation.  The  smaller  the  standard  error  of  estimate  the 
better  the  recession  line  fits  the  data.  The  strength- toughness 
relationships  of  these  alloys  are  illustrated  in  Figure  10. 

Based  on  these  results  a  second  set  of  fifteen  beats  were 
statistically  designed  and  processed.  The  design  of  these  alloys 
(295  through  Zlll)  employed  a  2^  factorial  experiment,  augmented 
by  stcr  and  center  points.  The  compositions  of  these  heats  are 
presented  in  Table  I  and  the  properties  are  given  in  Table  VII. 

It  can  be  eeen  from  Table  I  that  the  composition  range  of  Cr, 

Mo  and  W  was  broadened  considerably  in  heats  295  through  Zlll, 
compared  to  the  earlier  V707  series  of  heats.  This  was  done  with 
the  intention  of  achieving  ultimate  tensile  strengths  in  excess 
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of  290  ksi  at  tempering  temperatures  in  the  neighborhood  of 
1000  F.  This  is  a  very  difficult  goal  to  achieve  end  still  main¬ 
tain  adequate  toughness.  The  idea  vas  to  add  sufficient  alloy 
carbide  formers  to  produce  a  moderate  degree  of  secondary 
hardening  to  achieve  the  desired  strength  levels  at  high  temper¬ 
ing  temperatures.  A  pronounced  secondary  hardening  response  was 
to  be  avoided,  because  of  its  well  known  embrittling  effect.  It 
can  be  seen  from  Table  VII  that  alloy  Z106  did  achieve  an  U.T. S. 
of  270  ksi  when  tempered  at  1000  F,  however  the  toughnesr  level 
van  low. 

The  strength-toughness  relationships  for  these  alloys  are  shown 
in  Figure  11,  and  the  results  of  the  regression  analyses  for  the 
400  F  temper  condition  are  given  below: 

U.T.S.,  ksi  »  +  311.3  +  4.5  (XCr)  -  6.6  (ZSo)  -  1.0  (%W) 

+  2.3  (XMc2)  -  2.5  (ZW  x  ZHo) 

2 

R  *  0.94  Standard  Error  =  1.8  ksi 

CSN,  ft- lbs  «  +  29.2  -  6.05  (ZCr)  -  5.9  (ZMo>  -  9.09  (%W) 

+  2.7  (XCr  xXB)  +  1.60  (%W  *  ZHo) 

2 

R  *>  0.51  Standard  Error  -  1.8  ft- lbs 

In  addition  to  these  statistically  designed  Ni-Cr-Mo-K-V  alloys 
a  series  of  classically  designed  alloys  was  VIM  and  processed  in 
order  to  determine  the  optimum  levels  of  manganese,  silicon  and 
vanadium  in  this  alloy  system.  The  compositions  of  these  alloys 
(heats  2,112  through  2120)  are  given  in  Table  I  and  the  mechanical 
properties  are  listed  in  Table  VII.  The  data  on  the  manganese 
series  of  heats  (2112,  Z115,  2114)  reveal  that  manganese  does  not 
have  e  significant  effect  on  either  strength  or  toughness.  The 
data  for  the  vanadium  series  (beats  2118,  Z19,  and  Z120) 
indicates  that  increasing  vanadium  from  0. 10Z  to  0.19%  has  a 
beneficial  effect  on  Charpy  impact  toughness  with  no  further  in¬ 
crease  in  toughness  when  vanadium  is  increased  to  G.31%.  The 
effect  of  silicon,  ss  shown  by  bests  Z115,  2116  and  Z117,  is  to 
markedly  increase  both  yield  and  ultimate  tensile  strength,  with 
a  sacrifice  in  toughness  at  the  highest  silicon  level.  Based  on 
these  results  three  additional  compositions  were,  melted,  pro¬ 
cessed,  and  mechanical  properties  determined.  The  compositions 
of  these  alloys  are  listed  Table  I  (2386,  Z387,  Z388)  snd  the 
mechanical  properties  ere  listed  in  Table  VIII.  The  strength 
and  toughness  proper  ties  for  tbe  W  I  tempering  temperature  are 
shown  as  a  function  of  content  in  Figure  12.  The  data 

reveal  that  tungsten  has  a  negligible  effect  on  both  strength 
and  toughness  properties*  end  therefore  it  appears  that  the 
addition  of  the  ^lessens  tangs&gn  to  these  Iow  a J.luy  -  jrtensitic 
steels  is  a$t  beneficial.  §&si)e  this  combination  of  strength  and 
toughness  (312  ksi  «?%d  it  ft- lbs)  does  not  need  to  be 
apologized  fsr*  it  is  not  as  promising  ms  soae  of  the  alloys  in 
the  Sfi- Cr-35o~ Sl-V  id*  alloy  jBiftdhMtic  syste: Sj  therefore  work  was 
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stopped  at  this  point  on  the  Ni-Cr-Mo-W-V  alloy  system. 


Medium  Carbon  Ni-Cr-Mo-Si-V  System 


The  ^n<?  approach  for  the  low  alloy  martensitic  steels  was  the 
medium  carbon  Ki-Cr-Mo-Si-V  alloy  system.  Initially  fifteen 
VIM  heats  (Z43  through  260)  were  processed  and  evaluated  and 
their  compositions  and  properties  are  given  in  Tables  I  and  IX 
respectively.  Unless  noted  otherwise  all  of  the  alloys  in  this 
alloy  system  were  refrigerated  for  1  hour  at  -100  F  prior  to 
double  tempering  for  2+2  hours  at  the  indicated  tempering 
temperature ,  The  effect  of  silicon  content  on  strength  and 
toughness  properties  is  shown  in  Figures  13  and  14.  In  both 
series  of  alloys  increasing  silicon  markedly  increased  both 
yield  and  ultimate  tensile  strength.  In  the  Z43  alloy  series 
increasing  silicon  also  increased  the  room  temperature  Charpy 
impact  toughness  slightly,  while  in  the  Z58  alloy  stiles  in¬ 
creasing  silicon  decreased  toughness  slightly.  The  effect  of 
silicon  content  on  the  Charpy  impact  energy- transition  temperature 
curves  for  these  six  alloys  is  illustrated  in  Figures  15,  K>,  17 
and  18.  The  data  in  these  figures  illustrate  that  generally  as 
silicon  is  increased  and  hence  strength  level  is  increased  tnat 
the  Charpy  impact  energy  is  decreased  for  a  given  test  temperature. 
Tne  data  in  Figure  16  however  demonstrate  the  opposite  effect  and 
it  is  seen  that  as  silicon  content  is  increased  toughness  increases 
at  all  test  temperatures.  This  is  an  important  observation  and 
indicates  that  further  exploration  of  the  effect  of  silicon  content 
on  toughness  is  necessary  and  also  its  possible  interaction  with 
chromium  and  molybdenum  as  the  only  difference  in  the  Z43  series 
and  the  258  series  of  heats  is  the  chromium  and  molybdenum  levels. 
The  data  presentee’  in  Figures  17  and  18  also  reveal  the 
importance  of  tempering  temperature  in  evaluating  toughness 
properties  when  silicon  content  is  a  variable.  These  data  revesl 
that  at  tne  600  F  tempering  temperature  the  low  silicon  (0 .'jI 
Si)  alloy  does  not  have  superior  toughness  properties  though 

the  alloy  is  much  less  strong  than  the  two  higher  silicon  alloys. 
This  is  because  at  a  tempering  temperature  of  600  F  the  low 
silicon  steel  {258}  is  right  in  the  middle  of  the  tempered  mar¬ 
tensite  embrittlement  trough  as  illustrated  in  Figure  19. 

Because  of  the  well  known  effect  of  silicon  in  retarding  the 
kinetics  of  cementite  precipitation  the  tempered  martensite  em¬ 
brittlement  range  has  been  shifted  to  the  right  about  200  ¥  to 
700  F  "nd  800  F  for  the  higher  silicon  levels  compared  to  the 
usual  500  F  and  600  F  range  for  the  lower  silicon  levels  The 
influence  of  increasing  silicon  upon  retarding  the  degradation  of 
strength  properties  with  increasing  tempering  temperature  is  also 
illustrated  in  Figure  19.  Similar  observations  are  made  for  the 
Z43  series  of  alloys  in  Figure  20. 

The  effect  of  chromium  on  strength  and  toughness  properties  is 
illustrated  in  Figure  21  for  both  the  246  and  Z49  three-way-split 
series  of  heats.  The  Charpy  impact-transition  temperature  curves 
for  these  six  alloys  are  shown  in  Figures  22  and  23.  For  the  249 
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series  zero  chromium  appeared  to  be  the  best  level,  while  for  the 
Z46  s«riee  about  0.97.  chromium  appeared  to  give  the  best  combina¬ 
tion  of  properties.  The  influence  of  cobalt  and  vanadium  on 
toughness  properties  is  illustrated  in  Figures  24  and  25.  The 
data  in  figure  24  reveal  that  Lx  cobalt  is  detrimental  to  tough¬ 
ness  properties  and  has  no  effect  on  strength  properties  in  these 
low  alloy  martensitic  steels.  Increasing  vanadium  content  from 
0.107.  to  0.20%  is  seen  to  be  beneficial  to  toughness  properties 
as  shown  in  Figure  25.  The  strength- toughness  relationships  for 
alleys  Z43  through  Z60  are  compared  to  similar  properties  for  laboratory 
produced  300  M  steel  in  Figures  26  and  27.  It  ie  noted  from  these 
figures  that  for  test  temperatures  of  both  -*-70  P  and  -65  F  that 
many  of  these  alloys  Irok  promising  from  a  strength- toughness 
viewpoint.  The  mechanical  properties  on  this  first  series  of 
heats,  in  the  Ni-Cr-Ho-Si-V  alloy  system,  have  demonstrated, 
therefore,  that  increasing  vanadium  content  from  0,10%  to  0.20% 
is  beneficial  to  impact  toughness,  that  1%  cobalt  is  detrimental 
to  impact  toughness,  and  that  the  optimum  levels  of  Si,  Cr,  and 
Mo  warrant  further  detailed  investigation. 

In  order  to  determine  the  optimum  levels  of  Si,  Cr,  and  Ko  in  this 
alloy  system,  as  well  as  any  possible  interaction  effects  between 
these  elements,  s  set  of  fifteen  statistically  designed  heats 
were  vacuum  induction  melted  and  processed.  In  addition  to  these 
statistically  designed  alloys  a  series  of  classical  design  single 
compositional  variable  alloys  were  melted  and  processed  in  order 
to  determine  the  optimum  levels  of  Ni,  Mn,  and  V  in  these  Ni-Cr- 
Mo-Si-V  low  alloy  martensitic  steels.  The  results  of  the  single 
variable  experiments  will  be  discussed  first, 

OPTIMUM  LEVELS  OF  NICKEL,  MANGANESE,  AND  VANADIUM 

In  addition  to  determining  the  optimum  levels  of  Ni,  Kn,  and  V  in 
these  low  alloy  martensitic  steels,  the  effect  of  columbium  ou 
strength  and  toughness  was  also  investigated.  The  use  of  Cb  as 
a  strengthener  and  grain  refiner  in  hot  relied,  high  strength 
low  alloy  (HSLA)  steels  is  well  known,  however  its  effect  on 
structure  and  properties  in  medium  carbon  martensitic  steels  has 
not  previously  been  reported.  The  element  vanadium  is  usually 
used  for  this  purpose  in  quenched  end  tempered  ultra-high 
strength  steels.  'Hie  compositions  and  mechanical  properties  of 
tbeCb  series  of  heats  (Z332-Z334)  are  listed  in  Tables  X  ami  X  respectively. 
These  data  illustrated  in  Figure  28  reveal  that  strength  pro¬ 
perties  are  independent  of  columbium  content,  but  shat  Sharp y 
impact  toughness  increases  with  Cb  content.  The  effect  of  Cb  is 
therefore,  similar  to  the  effect  of  vanadium  in  enhancing  tough¬ 
ness,  however,  as  will  be  shown  later  vanadium  baa  a  sore 
pronounced  effect  than  columbium. 

The  compositions  of  the  nickel  series  of  heats  are  listed  in 
Table  I  and  the  mechanical  properties  are  listed  in  Table 
illustrated  in  Figure  29.  The  influence  of  nickel  was  investi¬ 
gated  in  two  sets  of  three-way-split  beats  (Heats' 2273,  22F4!* 


2275  and  Z329,  Z330,  and  Z331) ,  and  therefore  the  data  points  from 
the  two  separate  sets  of  heats  are  not  connected  in  Figure  29. 

The  strength  is  generally  higher  and  the  toughness  generally  lower 
in  the  higher  nickel  series  of  heats  because  these  heats  had  about 
a  0.40%  carbon  content  compared  to  a  0.38%  carbon  content  for  the 
lower  nickel  level  series  of  heats.  The  effect  of  nickel  level 
on  strength  properties  is  not  straight  forward,  but  should 
probably  be  interpreted  as  having  essentially  no  effect  on  strength 
properties.  In  the  2  to  3%  Ni  range  the  toughness  properties  seem 
to  be  independent  of  nickel  level.  In  the  lower  nickel  range  the 
Charpy  impact  energies  significantly  increase  when  nickel  increases 
from  0.52  to  1.66%.  In  addition  the  data  in  Table  X  reveal  that 
the  reduction  in  area  values  increase  considerably  (from  20%  to  40%) 
over  this  same  range  of  nickel  contents.  These  data  indicate  that 
for  0.40%  carbon  martensitic  steels  there  is  no  improvement  in 
toughness  when  Ni  is  increased  from  2  to  3%  and  that  the  optimum 
nickel  content  should  probably  be  ir-  the  range  from  1.5  to  2.0%. 

The  mechanical  properties  for  the  vanadium  series  of  heats  (Z276, 
Z277,  and  Z278)  shown  in  Figure  30  demonstrate  that  as  the  vanadium 
content  is  increased  from  0.10%  to  0.20%  there  is  a  slight  increase 
in  yield  strength,  no  change  in  ultimate  tensile  strength,  but  a 
substantial  increase  in  notch  impact  toughness.  When  the  vanadium 
level  increases  from  0.20  to  0.29%  there  is  essentially  no  change 
in  strength,  but  a  further  slight  increase  in  toughness.  Specimens 
from  these  three  heats  were  examined  metsllographically  in  order 
to  explain  the  improvement  in  toughness  with  increasing  vanadium 
content.  Figure  31  shows  the  aicrostructures  of  the  three  vanadium 
alloy3  at  a  magnification  of  100X.  Measurements  of  the  prior 
austenite  grain  sire  revealed  that  Heat  Z276  with  0.10%  ?  had  an 
ASTM  grain  sire  of  5.4,  and  Heats  Z277  (0.20%  V)  and  Z278  (0.29%  V) 
had  ASTM  grain  sizes  of  8.4  and  8.7  respectively.  The  information 
in  Figure  30  also  indicates  that  the  percent  reduction  in  area 
(%  RA)  increases  in  a  parallel  manner  to  toughness  with  increasing 
vanadium  coutent.  It  is  well  known  that  %  EA  is  grain  sire 
dependent  and  therefore,  it  is  clear  that  the  refinement  of  grain 
size  by  the  addition  of  vanadium  up  to  0.20%  is  responsible  for 
the  large  improvement  in  toughness  and  RA  but  that  a  further 
increase  in  vanadium  content  causes  only  slight  further  grain  re¬ 
finement  and  thus  only  a  slight  further  improvement  in  toughness 
and  reduction  in  area.  These  three  alloys  were  also  examined  by 
transmission  electron  microscopy  in  order  to  determine  if  other 
factors  besides  grain  refinement  were  responsible  for  the 
improvement  in  mechanical  properties.  This  investigation  indicated 
that  all  three  alloys  had  similar  structures  of  tempered  martensite 
and  plates  of  Fe3C,  and  no  significant  differences  were  found; 
therefore,  it  is  believed  thst  the  major  effect  of  vanadium  on  the 
improvement  of  mechanical  properties  is  due  to  grain  refinement. 

Tbs  results  of  the  manganese  series  of  heats  (Z270,  Z271,  and 
Z272)  presented  in  Table  X  and  Figure  32  demonstrate  that  as  the 
Mn  content  is  increased,  the  Y.S.  and  B.T.S.  remain  essentially 
constant,  but  the  toughness  decreases  substantially.  As  these 


11 


low  alloy  martensitic  steels  are  not  lacking  in  hardenability , 
and  the  finding  that  increasing  manganese  is  detrimental  to 
toughness  it  would  appear  prudent  to  add  only  sufficient  man¬ 
ganese  to  tie  up  about  0.010%  maximum  sulfur;  about  0.30%  Kn 
would  therefore  appear  to  be  about  optimum.  In  order  to  under¬ 
stand  the  reason  for  decreasing  Cnarpy  impact  energy  with 
increasing  manganese,  these  alloys  were  examined  by  transmission 
electron  micrcjcopy.  The  results  of  this  examination  indicate 
that  the  precipitation  of  carbides  during  tempering  was  similar 
in  all  three  alloys,  the  carbide  in  this  case  (600  F  temper) 
being  essentially  Fe3C.  The  only  difference  that  could  be  dis¬ 
cerned  was  that  alloy  Z272  with  the  highest  Mn  level  had  3  greater 
number  of  microtwinned  martensite  plates  than  did  the  lower  Mn 
alley  Z270.  Figures  33  and  34  show  typical  regions  of  alloys 
Z270  and  Z272  respectively.  Although,  Heat  Z272  was  not  heavily 
microtwinned  it  did  contain  substantially  more  twins  than  Heat 
Z270. 

It  has  been  well  established  that  microtwinned  martensite  has 
inherently  less  toughness  than  dislocated  martensite  (8,9)  and 
that  the  lowering  of  the  Ms  temperature  increases  the  tendency 
towards  twinned  martensite  (10).  Manganese  lowers  the 
temperature  in  steels  and  therefore  by  increasing  the  Mn  content 
there  is  a  greater  tendency  towards  the  production  of  lower  tough¬ 
ness,  twinned  martensite.  It  is  a  little  surprising  however,  that 
an  increase  of  approximately  0.50%  Mn  would  be  enough  to  produce 
a  substantial  difference  in  the  toughness  of  the  martensite  if 
twinning  were  the  only  explanation.  Therefore,  it  is  felt  that 
twinning  does  play  a  role  in  lowering  the  toughness  of  the  higher 
manganese  alloy  but  in  addition,  some  subtle  effect  of  Mn  may  be 
operative  which  as  yet  cannot  be  detected.  Structure- property 
correlation  in  medium  carbon  martensitic  steels  are  at  best 
elusive. 

OPTIMUM  LEVELS  OF  SILICON,  CHROMIUM,  AND  MOLYBDENUM 

In  order  to  determine  the  proper  levels  of  Si,  Cr,  and  Mo,  and 
possible  interaction  effects  between  these  elements,  a  set  of 
fifteen  statistically  designed  heats  were  vacuum  induction  melted 
as  two-way  split  heats  resulting  in  50  lb  ingots.  The  composi¬ 
tion  of  these  heats  (Heats  R1  through  15)  are  listed  in  Table  I 
and  the  mechanical  properties  are  ghova  in  Table  XI.  The  prefix 
R  before  heats  1  through  8  stands  for  remake  a s  the  compositions 
were  missed  the  first  time  on  the  first  eight  heats  and  hence 
were  remade.  These  50  lb  heats  provided  sufficient  material  to 
determine  fracture  toughness  and  stress  corrosicn  properties  in 
addition  to  tensile  and  Cbarpy  impact  properties.  In  order  to 
determine  mechanical  property-composition  prediction  equations 
and  possible  interaction  effects  between  the  elements  Si,  Cr, 
and  Mo,  Heats  SI  through  15  were  designed  statistically  utilising 
a  2^  factorial  experiment,  augmented  by  star  and  center  points. 

The  prediction  equations  for  ultimate  tensile  strength,  plane 
strain  fracture  toughness  at  both  room  temperature  and  -65  F,  and 
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Charp>  impact  energy  resulting  from  the  regression  analyses  for 
the  composition  and  mechanical  properties  shown  in  Tables  I  and 
XI  are  presented  below: 

U.T.S.,  ksi  =  322.5  -90.2  <7.  Si)  +76.6  (7.  Cr>  +24.6  (X  Si2) 

-23.1  (7.  Cr2)  +12.8  (7.  Ho) 

R^  *=  0.92  Standard  Error  >=2.9  ksi 

XIC,  ksi  /in.  =  -35.7  +119.9  (X  Si)  -39.1  (X  Cr)  +31.5  (X  Ho) 
at  +70  F  -29.6  (X  Si2)  -19.8  (7.  Mo2)  -19.8  (X  Cr  x  X  Mo) 

+16.1  (X  Cr2) 

R2  =  0.97  Standard  Error  »  1.5  ksi  /in. 

KIC,  ksi  /in.  =  20.46  +38.0  (X  Si)  -36. 1  (X  Cr)  -11.9  (X  Mo) 
at  -65  F  -14.8  (X  Si2)  +10.7  (X  Cr2) 

R2  =  0.94  Standard  Error  =  1.4  ksi  /in. 

CVN,  ft- lbs  =  -4,5  +29.4  <X  Si)  -7.0  (X  Si2)  -5.5  (X  Ho) 
at  +70  F  -3.3  (X  Cr) 

R2  =  0.68  Standard  Error  =  1.3  ft- lbs 

From  the  values  of  the  multiple  correlation  coefficient  (R2)  and 
the  values  of  the  standard  error  cf  estimate,  it  can  ne  seen  that 
both  the  D.T.S.  and  Kjc  equations  should  have  a  high  negree  of 
predictability.  The  multiple  correlation  coefficients  measure 
the  fracri'oh  of  total  variation  about  the  average  of  the  dependent 
variable  which  has  been  explained  by  the  regression  equation 
(values  close  to  1  meaning  that  most  cf  the  variation  in  the 
dependent  variable  has  been  explained  by  the  regression  equation). 
The  standard  error  of  estimate  is  a  measure  of  the  goodness  of 
fit  of  the  regression  equation.  However,  for  the  CVS  equation, 
only  68%  of  the  variation  in  average  measured  toughness  is  ex¬ 
plained  by  the  variations  in  Si,  Cr,  and  Mo.  This  observation  is 
not  too  surprising  as  it  is  well  known  that  fracture  initiation 
tests  such  as  the  Charpy  V-notcb  impact  test,  the  reduction  in 
area,  and  fatigue  properties  are  far  core  sensitive  to  inclusion 
content  than  are  crack  propagation  tests  sueh  as  fracture  tough¬ 
ness.  Hence,  the  CVN  values  will  be  reflecting  the  content  and 
distribution  of  other  micros true tura 1  features  in  addition  to 
the  intended  compositional  variables  Si,  Cr,  and  Ho  far  sore  than 
the  fracture  toughness  vaiuea.  At  these  strength  levels,  it  is 
clear  that  a  crack  propagation  test  such  as  is  a  better 
toughness  parameter  for  screening  compositional  variables  than 
is  the  Charpy  V-notch  impact  test.  Only  the  +70  F  -  composi¬ 
tion  equation  indicates  interaction  effect  between  elements  as 
shown  by  the  negative  %  Cr  x  &Mo  term.  Xt  is  noted  that  the 
-65  F  Kjq  composition  equating  differs  from  the  +70  F  Kjg  - 
composition  aquation  in  that  it  does  i$ot  contain  ^either  a  Mo2  or 
a  Cr  x  Mo  terra.  It  is  not  unexpected  thsh  s  toughness- composition 
response  curve  is  different  both  qualitatively  and  quantitatively 
at  different  test  temperatures. 
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The  mechanic  property-composition  prediction  equations  for 
U.T.S,  and  lr-t/  are  impressed  graphically  in  Figures  35,  36,  37, 

The  depend',  fwe  of  uliiuvete  tensile  strength  upon  silicon  content 
illustrate  in  Figure  3.t  rer«als  that  strength  is  essentially 
constanf  u.itil  the  Si  level  is  approximately  2.1%  st  which  point 
the  ult tensile  strength  (U.T.S,)  increases  rapidly.  At  the 
same  si '“..on  level  both  .Xjq  expressions  reach  a  maximum  and  the 
fractutt  -*oughnecs  decreases  abo«e  about  2.1%  Si  as  strength 
increase i  From  these  datj  it  would  appear  that  the  optimum 
silicor  evel  is  about  2.1%.  The  influence  of  chromium  level 
upon  K  ■  and  U.T.S.  illustrated  xn  Figure  36  discloses  that  U.T.S. 
increa.*es  sharply  vith  increasing  Cr,  until  shout  1,7%  Cr  when 
a  maximum  is  reached  and  U.T.S.  begins  to  decrease  with  a  further 
increase  in  chromium.  The  +70  F  Kjq  equation  indicates  that  Kjq 
dccrr-ases  until  about  1.5%  Cr  at  which  point  XIC  reaches  a 
ainimusi  and  with  a  further  increase  in  Cr,  Kjc  increases  again. 

The  -65  F  Kjc  equation  indicates  that  Kjq  decreases  until  about 
1.7%  Cr  and  then  a  slight  upturn  in  K-c  is  observed  with 
increasing  Cr.  It  is  believed  that  the  -65  F  XjC  versus 
chromium  response  curve  is  the  more  valid  one  and  although  frac¬ 
ture  toughness  does  increase  again  at  high  Cr  levels  it  probably 
never  reaches  the  level  observed  at  the  lowest  Cr  contents 
(about  0.75%).  From  a  fracture  toughness  standpoint,  therefore, 
it  would  seem  that  a  lower  Cr  level  (about  0.75%)  would  be  most 
desirable.  The  mechanical  property  versus  molybdenum  expressions 
shown  in  Figure  37  disclose  that  as  Mo  ia  increased  over  the 
range  from  0.25%  to  1.0%  strength  Increases  linearly  and  fracture 
soughness  decreases.  It  appear  advisable  therefore,  to 

keep  the  Mo  level  low  and  only  add  sufficient  Mo  (about  0.25%) 
to  meet  hardenability  requirements.  The  -65  F  KjC  -  composition 
prediction  equation  is  illustrated  in  three  dimensions  in 
Figure  38.  This  figure  discloses  that  to  achieve  maximum  frac¬ 
ture  toughness  silicon  should  be  maintained  at  about  2.1%,  and 
that  molybdenum  and  chromium  should  both  be  limited  to  the  lowest 
levels  investigated  which  is  about  0.25%  and  0.75%  respectively. 
It  should  be  noted  that  the  use  of  prediction  equation*  to 
extrapolate  beyond  the  compositional  limits  of  tb-s  alloy 
is  an  unwise  practice. 

\  '  &  further  attempt  to  understand  the  influence  of,  and  proper 
level  of  Cr  and  Mo  from  a  fracture  toughness  viewpoint  several 
correlations  of  fracture  toughness  with  Cr  and  Ho  parameters  are 
presented  in  Figures  39,  40,  and  41.  Data  for  these  ^gurea 
were  taken  from  heats  which  had  a  silicon  level  in  the  range  from 
1.78%  to  2.15%  which  produced  an  ultimate  tensile  strength  range 
of  297  ksi  to  315  ksi.  The  data  in  Figure  39  reveal  that  the 
ratio  of  the  carbide  forming  elements  (Cr  +-  Ho)  to  ctfrbon  should 
be  kept  as  low  as  possible  for  maximum  fracture  toughness,  /s 
shown  in  Table  I  all  of  these  low  .alloy  martensitic  steels  had 
a  carbon  content  of  about  0.40%.  The  variation  of  fracture 
toughness  with  combined  chromium  and  molybdenum  content  shown  in 
Figure  40  demonstrates  again  that  Cr  plus  Mo  should  be  held  to 
the  lowest  possible  levels  for  maximum  fracture  toughness.  The 
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data  presented  in  Figure  41  indicate  that  the  Gr  to  Ko  ratio 
does  not  significantly  affect  fracture  toughness  at  either  +70  F 
or  -65  F, 

Based  on  this  analysis  of  the  statistically  designed  alloys  and  the 
results  of  the.single  variable  experiments  to  determine  the  optimum 
levels  of  Ni,  Mn,  and  V,  two  additional  heats  were  vacuum  induction 
melted  and  processed.  As  discussed  previously  the  optimum  Ni,  Mq, 
and  V  levels  were  determined  to  be  about  1.8%,  0.30%,  and  0.25% 
respectively.  The  results  from  the  statistically  designed  heats 
indicated  that  the  optimum  silicon  and  molybdenum  levels  should  be 
about  2.1%  and  0.25%  respectively  and  that  chromium  should  be  low, 
probably  at  about  0.75%.  In  order  to  further  clarify  the  differences 
in  slope  of  the  +70  F  Kjc,  and  the  -65  F  Kjq  response  curve  as  a 
function  of  chromium  content  (Figure  36)  it  was  decided  advisable  to 
melt  a  high  Or  level  heat  in  addition  to  the  lower  Cr  level  heat. 

The  higher  Cr  level  heat  would  also  present  an  opportunity  to 
validate  the  predictability  of  the  ultimate  tensile  strength  equation 
as  well.  The  compositions  and  mechanical  properties  of  these  two 
heats  (2525  end  2551)  along  with  the  composition  and  properties  of 
laboratory  produced  300  M  steel  (Heat  2449)  are  presented  in 
Tables  I  and  XII.  It  can  be  seen  from  the  data  in  Table  XII  that 
the  lower  chromium  heat  Z551  (0.82%  Cr)  achieved  an  excellent 
combination  of  strength  and  toughness  properties  with  an  ultimate 
tensile  strength  of  311  ksi,  19  ft- lbs  Charpy  impact  energy,  and 
a  Kjc  of  60  ksi  -/in.  at  +70  F  and  45  ksi  /in.  at  -65  F.  As  expected 
the  higher  chromium  heat  2525  (1.90%  Cr)  produced  a  higher  strength 
level  (318  ksi)  and  a  lower  toughness  level  (14  ft- lbs,  sud 
49  ksi  /in.).  These  experimental  results  are  compared  ‘o  the 
predicted  results  in  Table  XIII,  utilising  the  mechanical  property- 
composition  prediction  equations  presented  earlier/  Ibis  comparison 
reveals  that  the  prediction  equations  should  not  be  used  to  provide 
accurate  quantitative  estimates  of  mechanical  properties,  but  that 
they  are  of  value  in  indicating  mechanical  property-compositional 
trends  qualitatively. 

The  Charpy  impact  properties  of  Heats  Z525,  2551,  and  HI  through 
15  are  compared  to  the  impact  energies  of  laboratory  produced 
300  M  steel  (Heat  Z449)  in  Figures  42  and  43.  Considering  the 
generally  observed  relationship  of  rapidly  decreasing  toughness 
with  increasing  strength  at  these  ultra-high  strength  levels, 
the  strength- toughness  relationships  of  these  medium  carbon 
(about  0.40%  carbon)  Ni-Cr-Mo-Si-Y  martensitic  steels  are  con¬ 
sidered  quite  attractive.  The  plane  strain  fracture  toughness 
properties  of  these  alloys  are  compered  to  those  of  300  H  steel 
in  Figures  44  and  45.  These  comparisons  reveal  that  at  both 
room  temperature  and  -65  F  the  ultimate  tensile  strength- 
fracture  toughness  relationships  for  the  new  experimental  mar¬ 
tensitic  steels  are  considerably  improved  compared  to  300  M  ' 
steel.  Considering  the  fracture  toughness  properties  of  the 
alloy  with  the  optimum  composition  (Z551)  it  is  seen  that  tfee 
tensile  strength  level  has  been  increased  by  about  25,000  psi 
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while  maintaining  the  same  level  of  frac.  -*re  toughness  as  in 
300  M  steel,  as  shown  fay  the  laboratory  heat  of  300  M  steel 
in  Figures  44  and  45  and  as  demonstrated  by  all  of  our 
experience  with  the  HP  9Ni-4Co  steels  the  fracture  toughness  pro¬ 
perties  obtained  from  billet  stock  from  large  diameter  vacuum 
arc  remelted  ingots  are  almost  always  greater  than  those  obtained 
on  4-1/2-inch  diameter  VIM  laboratory  ingots.  It  is,  therefore, 
anticipated  that  the  fracture  toughness  levels  of  the  experimental 
martensitic  rteels  will  be  improved  by  about  10  to  20Z  when  they 
are  made  commercially  by  electric  furnace-vacuum  arc  remelt 
practice.  A  more  detailed  comparison  of  the  mechanical  properties 
of  these  new  low  alloy  martensitic  steels  with  similar  properties 
of  other  commercially  available  ultra-high  strength  steels  will 
be  made  in  the  final  section  of  this  report. 

FRACTURE  TOUGHNESS  -  CHARPY  IMPACT  CORRELATIONS 

Ihe  availability  of  a  relatively  large  amount  of  well  documented 
fracture  toughness  and  Charpy  impact  date  generated  in  this 
program  provided  the  opportunity  to  attempt  correlations  between 
fracture  toughness  and  Charpy  impact  energy  values.  Even  though 
previous  attempts  to  correlate  Kjq  with  Charpy  impact  energy 
values  have  proven  unsuccessful  (11) ,  the  large  economic  and  time 
saving  convenience  of  the  Charpy  impact  test  compared  to  the 
plane  strain  fracture  toughness  test  was  sufficient  motive  for 
another  attempt  to  determine  a  statistically  valid  correlation 
between  KIC  and  CVN  toughness  parameters.  It  is  clear  from  the 
average  CVN  and  Kj^  values  for  Heats  R1  through  15,  shown  in 
Figure  46,  that  there  is  not  a  simple  linear  relationship  between 
Kjc  and  CVN.  A  total  of  47  separate  Kjq,  CVN,  and  Y.S, 
observations  were  programed  in  a  variety  of  forms  in  an  attempt 
to  determine  a  valid  correlation  between  and  CVN  parameters. 
Ihe  most  valid  correlation  found  is  given  below  as  equation  (a): 


A  second  correlation  not  as  statistically  valid,  but  one  that 
can  be  plotted  in  two  dimensions  is  presented  below  as 
equation  (b): 


Eqn.  (b) 


-0.045  +  1.37  (~) 


0.82 


Standard  Error  =  0.0063 


ryv  , 1/2 

YS  [-0.045  +  1.37  (— p)] 


R2  «  u.66 


Standard  Error  =4.87  ksi  /in. 


This  equation  (b)  is  ej pressed  graphically  in  Figure  47,  and  the 
large  amount  scatter  observed  would  indicate  that  this  is  not  a 
reliable  relationship  to  use.  One  of  the  problems  in  determining 
a  statistically  valid  correlation  between  XjC  and  CVN  is  that  it 
is  not  possible  to  obtain  a  good  independent  estimate  of  CVN  and 
YS  because  YS  and  lVN  are  highly  correlated.  The  expression 
given  in  equation  (a)  is  significantly  better  than  equation  (b) 
as  can  be  seen  by  the  values  of  R2  and  the  standard  error  of 
estimate.  Even  equation  (a),  however,  will  not  be  a  good  pre¬ 
dictive  equation  because  there  is  too  much  scatter  about  the  line 
as  indicated  by  the  standard  error  of  estimate.  In  summary 
equation  (a)  is  certainly  the  best  equation  to  use  to  estimate  XjC 
values  from  CVN  values,  however,  even  equation  (a)  is  only  of 
value  for  a  "ball  park?’  estimate  of  Kjg  and  unfortunately  the 
experimentalist  will  still  have  to  perform  the  fracture  toughness 
test  in  order  to  determine  a  meaningful  and  valid  Kjc  number. 

Both  of  these  expressions  were  obtained  from  data  on  low  alloy 
martensitic  steels  which  hsd  yield  strengths  in  the  range  of  234 
to  2f»7  ksi,  ultimate  tensile  strengths  in  the  range  of  281  to 
332  ksi,  Kjc  values  in  the  range  of  34  to  70  ksi  /in. ,  and  CVN 
values  in  the  range  of  11  to  21  ft- lbs. 


Stress  Corrosion  Studies 

In  addition  to  enhancing  the  strength- .toughness  relationships  in  ultra- 
high  strength  steels  one  of  the  aims  of  this  program  was  to  improve 
the  stress  corrosion  cracking  (SCC)  resistance  of  ultra-high  strength 
steeJs.  Toward  this  aim  two  approaches  were  taken;  (1)  to  lower  the 
impurity  elements  phosphorous  and  sulfur  to  the  lowest  possible  levels, 
and  (2)  investigate  systematically  the  influence  of  the  elements 
silicon,  chromium  and  molybdenum  on  SCC  resistance. 

INFLUENCE  OF  PHOSPHOROUS  AND  SULFUR 

The  influence  of  the  impurities  phosphorous  and  sulfur  on  the  toughness 
of  high  strength  steels  has  been  investigated  widely,  however,  little 
work  has  been  done  concerning  the  effects  of  these  impurities  on  the  SCC 
resistance  nf  high  strength  steels.  To  investigate  this  effect  a  series 
of  six  35  pound  heats  of  9-4-45  steel  were  vacuum  induction  melted  (VIM) 
with  varying  phosphorous  and  sulfur  levels  and  subsequently  forged  and 
rolled  to  1/2"  thick  plate  material.  Tensile,  Charpy  impact,  fracture 
toughness,  and  stress  corrosion  specimens  from  each  heat  were  subsequently 
heat  treated  to  both  bainitic  and  martensitic  micros tructures.  The 
hainitic  specimens  were  normalized,  austenitized,  and  isothermally  trans¬ 
formed  at  465  F  for  six  hours.  Hie  martensitic  specimens  were  normalized, 
austenitized,  oil  quenched,  refrigerated  at  -110  F  and  tempered  at  500  F 
for  2+2  hours.  The  fatigue  cracked  stress  corrosion  specimens  were 
cantilever  loaded  in  a  3-1/2%  NaCl  solution  which  was  changed  daily, 
except  on  weekends,  and  the  KjsCC  values  were  determined  after  specimens 
had  run  out  for  500  hours.  Kjscc  stands  for  the  plane  strain  stress 
intensity,  under  SCC  conditions,  above  which  cracking  is  observed.  The 
compositions  and  properties  of  the  six  heats  (V723-V746)  are  shown  in 
Table  I  and  Table  XIV.  Hie  stress  corrosion  curves  for  two  of  the  alloys 
are  shown  in  Figures  48  and  49  and  curves  summarizing  the  influence  of 
phosphorous  and  sulfur  levels  on  CVN,  KIC  and  Kjscc  properties  are 
illustrated  in  Figures  50  through  55.  The  complete  delayed  failure  curves 
for  sll  six  alloys  were  presented  in  the  Second  Quarterly  Progress  Report 
on  this  contract.  Hie  stress  corrosion  curves  in  Figures  43  and  49 
illustrate  the  severe  degradation  in  load  carrying  capacity  of  ultra-high 
strength  steels  when  fatigue  cracked  samples  are  stressed  in  an  aqueous 
environment.  For  sll  phosphorous  and  sulfur  levels  the  bainitic  micro¬ 
structure  exhibited  greater  stress  corrosion  cracking  resistance  than  the 
martensitic  microstructure. 

The  effect  of  phosphorous  content  on  Kjq  and  Kjgcc  for  sulfur  levels  of 
.009%  and  .010%  is  shown  £tt  Figure  50.  I'or  this  sulfur  level  it  is  seen 
that  both  fracture  toughness  and  SCC  resistance  are  essentially 
independent  of  phosphorous  level  over  the  range  of  .004  to  .020%.  Hie 
effect  of  sulfur  content  on  Krc  and  Kjgcc  *s  illustrated  in  Figure  51 
for  phosphorous  contents  less  than  .004%..  It  can  be  seen  that  increasing 
sulfur  level  significantly  decreases  fracture  toughness  of  both  the 
bainitic  and  martensitic  microstructures,  while  there  is  apparently  no 
effect  of  sulfur  on  the  Kjscc  <-£vels.  Hie  effect  of  phosphorous  plus 
sulfur  content  on  these  two  parameters  is  shown  in  Figure  52  and  reveals 
a  pronounced  detrimental  effect  an  Kj£  and  a  slightly  detrimental  effect 


on  KtscC*  With  respect  to  toughness  it  can  be  seen  from  Table  XIV  that 
for  the  same  total  P  +  S  content  (0.0297.  for  alloys  V726  and  V727)  that 
sulf 'r  is  the  more  detrimental  of  the  two  elements.  The  affect  of 
phosphorous,  suifur,  and  phosphorous  plus  sulfur  on  Charpy  impact  pro¬ 
perties  is  shown  in  Figures  53,  54,  and  55  respectively.  It  is  evident 
from  these  figures  that  sulfur  is  far  more  detrimental  to  toughness 
than  phosphorous.  We  have  seen,  therefore,  that  while  increasing  phos¬ 
phorous  and  sulfur  levels  are  detrimental  to  toughness  properties  of 
both  bainitic  and  martensitic  9-4-45  steel  that  these  impurity  elements 
had  essentially  no  effect  on  SCC  resistance  as  characterized  by  %gcC* 

It  should  be  .toted  that  only  the  trends  of  this  impurity  element  study 
should  bo  considered,  and  not  the  absolute  magnitude  of  the  toughness 
numbers,  as  these  properties  were  obtained  on  small  laboratory  heats  of 
9.4.45  steel  and  not  commercially  produced  vacuum  arc  remelted  material. 

INFLUENCE  OF  SILICON,  CHROMIUM,  AND  MOLYBDENUM 

The  influence  of  silicon,  chromium  and  molybdenum  on  SCC  resistance  in 
low  alloy  martensitic  steels  was  investigated  by  means  of  the  fifteen 
statistics.  designed  heats  (81  through  15)  in  order  to  determine  the 
compositional  dependence  of  the  stress  corrosion  resistance  parameter 
KISrC*  The  KISCC  va lues  were  determined  from  specimens  which  had  not 
failed  after  200  hours  in  a  3-1/2Z  NaCi  nolution  which  was  changed  daily 
except  on  weekends.  The  stress  corrosion  curves  for  all  .fifteen  alloys 
were  reported  in  the  Sixth  Quarterly  Progress  ReporL  on  thi*  contract 
and  three  of  these  stress  corrosion  curves  are  shown  in  Figures  56,  57, 
and  58.  The  general  shape  of  the  stress  intensity-time  to  failure 
curves  was  the  same  for  all  fifteen  heats.  As  shown  in  Figures  56,  57, 
and  58,  and  by  the  Kjgcc  data  in  Table  XI  the  variations  in  Si,  Cr, 
and  Mo  produced  significant  changes  in  plane  strain  fracture  toughness, 
however,  the  SCC  resistance  parameter  KjgCC  veg  uneffected 

by  these  compositional  variations.  The  KjgQc  values  for  all  fifteen 
alloys  were  in  the  range  of  16  to  19  ksi  /in.  and  hence  the  stress 
corrosion  resistance  of  these  0.40Z  carbon  martensitic  steel*  is  inde¬ 
pendent  of  the  intended  variations  in  Si,  Cr,  and  Mo;  1.78  tc  2.75X  Si, 
0.80  to  1.757.  Cr,  and  0.2G  to  1.02Z  Mo  (compositions  listed  in  Table  I). 
These  same  variations  in  Si,  Cr,  and  Mo  produced  a  change  in  fracture 
toughness  values  ranging  from  40  to  64  ksi  /in.  (Table  XI),  indicating 
that  Kiscc  an<*  KIC  are  in  n0  way  simply  related.  The  often  made 
generalization  that  if  a  material's  fracture  toughness  is  increased  its 
stress  corrosion  resistance  will  also  be  increased  is  shown  here  not  to 
be  either  a  good  or  v’alid  generalization. 

While  the  KTgcc  threshold  stress  intensity  values  were  independent  oi 
composition~it  can  be  seen  from  the  stress  intensity  -  time  to  failure 
curve*  in  Figures  56  through  58,  from  the  portion  of  the  curve  where 
the  stress  intensity  decreases  rapidly  at  essentially  constant  time,  fch^t 
this  essentially  constant  time  to  failure  over  a  varying  stress  range 
shifts  significantly  from  alloy  to  alloy.  A  regression  analysis  was 
run  to  determine  if  there  was  a  significant  composition  dependence  of  the 
time  to  failure  at  an  applied  stress  intensity  equal  to  60S  of  the  alloy's 
K£c  value.  The  results  of  this  regression  analysis  are  given  below: 
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Time  to  Failure,  liinutes  «  438.8  +60.3  (%  Si)  -735  (7.  Cr) 

3t  Kli  »  0.60  KIC  +  256.8  (7.  Cr2) 

R2  *  O.V'3  Standard  Error  =  24.0  Minutes 

The  equation  indicates  that  at  this  applied  stress  level  the  time  to 
failure  or  stress  corrosion  resistance  is  independent  of  molybdenum 
content,  linearly  dependent  upon  silicon  content,  and  euadratically 
dependent  upon  chromium  content.  For  certain  compositions  this  equation 
is  expressed  graphically  in  Figures  59  and  40.  Neither  the  significance 
nor  the  reason  for  the  complex  dependence  of  time  to  failure  upon  Cr 
content  i«  known.  The  increased  time  to  failure  at  this  stress  level, 
with  increasing  silicon  contest,  is  somewhat  more  understandable  as 
Carter  (12)  has  shown  that  increasing  Si  content  in  4340  type  steels 
decreases  the  crack  growth  rate  ia  Kjscq  tests.  In  agreement  with  the 
current  results,  he  also  found  that  increasing  silicon  did  not  influence 
the  Kjscc  threshold  stress  intensity  level  even  though  it  did  decrease 
the  crack  growth  rate.  This  indicates  that  in  0.40  carbon,  low  alloy 
martensitic  steels,  composition  can  and  does  influence  the  rate  of  sub- 
critical  flaw  growth  under  stress  corrosion  cracking  conditions  even 
though  it  does  not  influence  the  stress  intensity  level  at  which  rapid 
mechanical  crack  propagation  begins.  This  stress  intensity  level  at 
which  the  slowly  moving  crack  reaches  a  critical  length  under  SCC 
conditions  and  rapid  mechanical  crack  propagation  begins  is  known  to  be 
higher  than  the  Kjc  value  for  the  alloy  in  these  types  of  steels 
(12.13) ,  therefore,  indicating  that  some  type  of  crack  blunting  mechanism 
is  operative.  In  steels  at  these  ultra-high  strength  levels,  the  extent 
of  subcritical  slow  crack  growth  is  relatively  short  in  terms  of  both 
time  and  crack  length;  therefore,  not  much  reliance  can  be  placed  on 
finding  a  subcritical  flaw  dusing  periodic  inspections  and,  hence,  the 
decreased  crack  growth  rate  with  increasing  silicon  content  is  of  no 
practical  import.  For  comparison  purposes,  the  %scC  value  of  300  M 
steel  (VIM  Heat  Z449)  was  determined  to  be  13  ksi  /in.  (Figure  61). 

The  increase  in  strength  level  from  about  286  ksi  for  300  M  steel  to  about 
315  ksi  for  the  experimental  Ni-Cr-Mo-Si-V  martensitic  szeels,  therefore, 
has  not  produced  a  degradation  ia  stress  corrosion  cracking  resistance. 

A  more  detailed  comparison  of  the  RjscG  of  these  experimental  low 

alloy  martensitic  high  strength  steals  with  Rjggg  values  of  several 
commercial  high  strength  steels  will  ha  mads  in  £h§  fiaai  section  of  this 
report. 

As  the  fatigue  testing  portion  of  this  program  included  the  fatigue 
testing  e£  bainitic  steels  as  well  as  martensitic  steels  it  was  decided 
to  determine  the  K.JSCC  values  of  an  experimental  bainitic  steel  in  both 
the  VIM  and  VAR  conditions.  The  stress  corrosion  behavior  of  medium 
alloy  bainitic  steel  Z411  and  the  same  composition  in  the  VAR  condition 
r'Heat  38SS80G)  (compositions  listed  in  Table  X)  are  shown  in  Figures 
62  and  63.  The  XjgCC  v«lce  of  this  aedissr  alloy  bainitic  steel  is  seen 
to  be  independent  of  melting  practice.  Shlle  the  value  of 
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13  ksi  /in.  seems  ^uite  low  for  a  bainitic  micros true ture,  the  carbon 
content  of  this  steel  is  relatively  high  (about  0,50%  carbon)  and 
It  is  felt  thst  if  this  same  composition  vhs  hast  treated  to  s 
martensitic  micros true ture  the  Kjscc  value  'Quid  be  lower  than  13  ksi  /in. 

From  an  alloy  development  standpoint  it  was  disappointing  to  find  chat 
the  basic  stress  corrosion  resistance  of  low  .illoy  martensitic  st*els 
was  independent  of  the  variations  in  Si,  Ur,  and  Mo  contents,  thereby 
closing  the  door  on  one  more  possiole  avenui  of  improving  the  stress 
corrosion  resistance  of  low  alloy  martensitic  steels  from  s  compositional 
point  of  view.  It  was  else  disappointing  to  learn  that  lowering  the 
levels  of  phosphorous  and  sulfur  down  to  .003%  P  and  .002%  S  die  not  pro¬ 
vide  any  enhancement  in  KjgQQ  for  either  bainitic  or  martensitic  ultra- 
high  strength  steels.  Paxton  hec  investigated  the  effect  of  several 
impurities  at  different  impurity  levels  on  the  stress  corrosion  cracking 
resistance  of  300  grad.j  msraging  steel  end  demonstrated  thst  impurity 
levels  had  iittle  effect  on  Kjgcc  values  with  the  total  range  of  Kj-gCC 
values  varying  xrdn  7  to  15  ksi  /in,  (14).  Ibis  work  or  the  influence 
of  impurities  on  the  stress  corrosion  resistance  af  18%  Hi  Earaging  steel 
has  rece-tiy  been  verified  on  a  commercial  scale  by  the  evsluation  of  a 
high  purl  tv  1S%  Hi  (300)  <5-ton  beat,  .003%  C,  .001%  H,  .004%  S,  .002%  P) 
msraging  steel  forging  where  the  K^scC  level  was  determined  be 
7  ksi  /in.  (15).  Thus,  from  sn  impurity  level  standpoint,  it  appear* 
that  the  stress  corrosion  cracking  resistance  cannot  be  improved  for 
either  the  18%  Hi  msraging  steels  or  the  low  alloy  martensitic  ox  feainit ie 
steels.  From  n  microetructaral  point  of  view,  bainitic  structures  have 
greater  stress  corrosion  cracking  resistance  than  martensitic  structures; 
however,  et  strength  levels  above  300  ksi,  the  strength- toughness 
relationships  of  bainitic  steels  are  no  longer  attractive  aa  was  demon¬ 
strated  earlier  in  this  report.  The  influence  of  grain  refinement  has 
been  studied  for  4340  steel  and  it  was  found  that  %gcg  values  ranged 
from  14-16  kei  /in.  independent  of  prior  austenite  grain  else  variations 
from  4STK  7  to  12  (16) .  It  was  observed,  however,  that  the  crack  growth 
rates  decreased  with  decreasing  prior-austenite  grain  size.  From  a 
compositional  standpoint,  the  only  work  to  date  on  low  alloy  martensitic 
steels  which  has  shown  that  stress  corrosion  cracking  resistance  esnbe 
improved  by  alloying  is  the  work  of  Sandoz  which  demonstrated  that 
%SCC  inc**8seg  £°r  decreasing  C  and  Kn  levels  in  4340  type  steel*  (17) . 
These  steels,  however,  were  heat  treated  to  a  relatively  low  strength 
level  (about  170  to  i§5  kai  yield  strength)  and  it  is  not  clear  that 
the  seme  compositional  dependence  would  be  observed  at  strength  levels 
near  300  ksi. 

It  appears,  therefore,  thst  at  strength  levels  is  the  neighborhood  of, 
300,000  psi,  low  alloy  steels  have  greater  stress  corrosion  cracking 
resistance  than  18%  Hi  raaraging  steels;  however,  these  levels  of 
resistance  are  not  inherently  high  and  appear  to  be  largely  independent 
of  compositional,  microstructurai,  and  impurity  variables.  Thus, 
metallurgical  means  for  improving  the  inherent  stress  corrosion  cracking 
resistance  cf  ultra-high  strength  steels  is  not  isssedistely  apparent 
end,  therefore,  the  present  means  of  successful  utilisation  bf  eteels  at 
these  strength  levels  such  as  shot  penning,  caissius  plsting;.  zed  painting 
will  continue  to  be  necessary  for  the  foreseeable  future* 
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C.  Processing  Studies 


The  processing  studies  include  the  investigation  of  the  effects  of 
three  different  melting  practices;  electroslag  remelting,  vacuum 
induction  melting,  and  vacuum  arc  remelting  on  strength  and  toughness, 
and  tension- tension  fatigue  properties.  In  addition  the  effect  of 
thermal-mechanical  treatments  on  the  mechanical  properties  of  both 
bainitic  and  martensitic  steels  was  investigated, 

1,  Influence  of  Melting  Practice  on  Strength  and  Toughness  Properties 

The  influence  of  <nelfc-,'0  practice  on  mechanical  properties  was  in¬ 
vestigated  for  i  1>  ,j.ioy  bainitic  steel,  a  medium  alloy  bainitic 
steel,  and  a  low  alloy  martensitic  steel.  The  three  experimental 
alloys  were  selected  from  the  preliminary  alloy  development 
results  and  vacuum  induction  melted  (VIM),  electroslag  remelted 
(ESS),  and  vacuum  arc  respited  (VAR)  to  the  lowest  possible  levels 
of  impurities.  The  compositions  of  these  three  alloys  do  not 
necessarily  represent  the  optimum  composition  ra  each  alloy  system, 
as  the  compositions  hsd  to  be  selected  early  in  the  program  in 
?  order  to  be  processed  by  the  different  melting  practices.  The 

}  compositions  of  the  three  experimental  steels  with  the  three  different 

(  melting  practices  are  greaented  in  Table  I.  The  low  alloy  bainitic 

steel  was  not  vacuum  arc  reaelted,  The  VIM  heats  (Z40?/,  Z411,  2412) 
were  melted  ae  50  lb  ingots.  The  ESR  heats  (C229,  C23d,  C231)  were 
Initially  air  induction  melted  as  85  ib  ingots,  forged  to  2-5/8-iach 
diameter  rounds,  and  electroslag  iemelted  by  Mellon  Institute.  The 
VAR  heats  (3838800,  38SG308,  3888811)  were  melted 
initially  at  our  Central  Alloy  District  (Canton,  Ohio)  as  350  ib 
electric  furnace  heats  using  a  standard  double  slag  practice  and 
poured  into  9- inch  diameter  electrode  ingot  molds.  These  electrode 
ingots  were  then  conditioned  and  consumable  vacuum  arc  remelted. 

The  mechanical  properties  of  these  alloy  melted  by  VIM,  ESR,  «nd 
VAR  techniques  are  compared  in  Table  XV.  The  VIM  and  VAR  low  alloy 
martensitic  alloys  have  essentially  the  same  strength  and  toughness 
properties;  however,  the  ESR  material  (Heat  C229)  has  high  side, 
strength  properties  and  Igw  side  toughness  properties  due  to  a  high 
side  carbon  content  of  0.44  percent.  Metsllograpbic  examination  of 
specimens  from  Heats  2409,  C229,  nd  3888808  revealed  that  there 
were  no  significant  differences  iu  the  degree  of  raicroeieanliness  of 
these  three  steels,  and  that  all  three  were  very  clean.  The  low 
KIC  and  percent  reduction  in  area  values  for  ESR  Bast.  CZ29  cannot  be 
totally  explained  by  the  higher  carbon  content,  and  as  uh*  alloy 
appeared  to  have  a  high  degree  of  aicrocleaalinass,  ih*  1 m  and 

X  R.A.  values  are  most  probably  due  to  the  localised. segregation  of 
non-mstallic  inclusions.  Electron  me tali ©graphic  exasinstien  <s£ 
extraction  replicas  from  the  fracture  surfaces  of  the  bmsiii?  samples 
of  the  ESR  C229  alloy  revealed  that  an  unusually  large  msbsT  of 
both  globular  and  angular  particles  teere  preseat  of  the  fjeesture 
surface.  Electron  diffraction  analysis  of  these  psrticlss 
identified  the  globular  particles  ae  3102  the  angular,  psrtisies 
as  CaAljO^.  This  localized  aggregation  condition  is  wsst  probably 
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due  to  the  problems  encountered  during  the  electroslag  remelting  of 
this  heat  as  previously  described  in  the  section  on  Materials  and 
Procedures.  The  three  medium  alloy  bsinitic  steels  (2411,  C230, 
3838800)  have  essentially  the  same  strength  properties,  with  the  VAR 
heat  having  the  highest  level  of  fracture  toughness  and  the  ESR 
heat  the  lowest  level  of  fracture  toughness.  The  two  low  alloy 
bainitic  heats  both  have  high  strength  levels  for  a  bainitic  micro- 
structure;  however,  the  fracture  toughness  level  of  both  the  VIM  and 
ESR  materials  is  quite  low. 

2,  Influence  of  Melting  Practice  on  Fatigue  Properties 

As  fatigue  strength  is  one  of  the  most  important  design  parameters 
for  the  successful  utilization  of  ultra-high  strength  steels  for 
landing  gears,  an  extensive  fatigue  study  was  conducted.  The 
influence  of  composition,  microstructure,  and  melting  practice  on 
the  tension- tension  fatigue  properties  of  various  experimental  steels 
was  investigated.  Both  notched  and  unnotched  fatigue  tests  were  con¬ 
ducted  at  an  R  value  (ratio  of  minimum  stress  to  maximum  stress)  of 
+0. 10. 

UNNOTCH  FATIGUE  TESTS 

The  maximum  stress  versus  cycles  to  failure  (S-N)  curves  for  the 
three  VIM  steels  are  shown  in  Figures  54,  65,  and  66  and  the  compari¬ 
son  S-N  curves  for  the  ESR  alloys  are  shown  in  Figures  67,  68,  and 
69.  With  the  exception  of  alloy  Z412,  the  degree  of  scatter  in  the 
fatigue  data  is  typical  and  not  excessively  large  for  specialty 
ultra-high  strength  steels.  The  reason  for  the  unusually- high 
number  of  thread  failures  in  alloy  2412,  Figure  66  is  not  known. 

The  fatigue  behavior  of  the  low  alloy  martensitic  steel  produced  by 
vacuum  arc  reuielting  (Heat  3888811)  is  shown  in  Figure  70.  The 
fatigue  behavior  of  the  medium  alloy  bainitic  steel  produced  by 
vacuum  arc  remelting  (Heat  3888800)  is  shown  in  Figure  71. 

The  influence  of  melting  practice  on  the  fatigue  strengths  of  these 
three  alloys  is  illustrated  in  Figures  72,  73,  and  74.  The  fatigue 
behavior  of  the  low  alloy  martensitic  steels  illustrated  in  Figure 
72  demonstrates  that  the  VAR  material  had  the  highest  fatigue 
strengths,  and  that  the  VIM  material  had  the  lowest  fatigue  strengths. 
The  comparison  S-N  curves  for  the  medium  alloy  bainitic  steels 
(Figure  73)  reveal  that  the  ESR  material  had  the  highest  fatigue 
strengths  and  that  the  VIM  had  the  lowest  fatigue  strengths.  The 
comparison  S-N  curves  for  the  low  alloy  bainitic  steels  again 
demonstrate  that  the  ESR  material  had  superior '‘fatigue  life 
compared  to  the  VIM  material.  The  low  alloy  bainitic  steel  composi¬ 
tion  was  not  vacuum  arc  remelted.  As  meltings  practice  has  been  shown 
to  Lave  a  pronounced  influence  on  fatigue  properties  for  a  given 
composition  and  strength  level,  a  quantitative  analysis  of  the 
inclusion  contents  was  performed.  It  is  well  known  that  if  environ¬ 
mental  effects  are  eliminated,  the  two  primary  factor*  controlling 
the  fatigue  behavior  of  high  Strength  steels  are  strength,  level  and 
inclusion  content.  It  will  be  mentioned  later  that  micfostructure 
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due  to  the  problems  encountered  during  the  electroslag  remelting  of 
this  heat  as  previously  described  in  the  section  on  Materials  and 
Procedures.  The  three  medium  alloy  bainitic  steels  (2411,  C230, 
3888800)  have  essentially  the  same  strength  properties,  with  the  VAR 
heat  having  the  highest  level  of  fracture  toughness  and  the  ESR 
heat  the  lowest  level  of  fracture  toughness.  The  two  low  alloy 
bainitic  heats  both  have  high  strength  levels  for  a  bainitic  micro- 
structure;  however,  the  fracture  toughness  level  of  both  the  VIM  and 
ESR  materials  is  quite  low. 

2,  Influence  of  Melting  Practice  on  Fatigue  Properties 

As  fatigue  strength  is  one  of  the  most  important  design  parameters 
for  the  successful  utilization  of  ultra-high  strength  steels  for 
landing  gears,  an  extensive  fatigue  study  was  conducted.  The 
influence  of  composition,  microstructure,  and  melting  practice  on 
the  tension- tension  fatigue  properties  of  various  experimental  steels 
was  investigated.  Both  notched  and  unnotched  fatigue  tests  were  con¬ 
ducted  at  an  R  value  (ratio  of  minimum  stress  to  maximum  stress)  of 
+0. 10. 

UNNOTCH  FATIGUE  TESTS 

The  maximum  stress  versus  cycles  to  failure  (S-N)  curves  for  the 
three  VIM  steels  are  shown  in  Figures  54,  65,  and  66  and  the  compari¬ 
son  S-N  curves  for  the  ESR  alloys  are  shown  in  Figures  67,  68,  and 
69.  With  the  exception  of  alloy  Z412,  the  degree  of  scatter  in  the 
fatigue  data  is  typical  and  not  excessively  large  for  specialty 
ultra-high  strength  steels.  Bie  reason  for  the  unusually- high 
number  of  thread  failures  in  alloy  2412,  Figure  66  is  not  known. 

The  fatigue  behavior  of  the  low  alloy  martensitic  steel  produced  by 
vacuum  arc  reuielting  (Heat  3888811)  is  shown  in  Figure  70.  The 
fatigue  behavior  of  the  medium  alloy  bainitic  steel  produced  by 
vacuum  arc  remelting  (Heat  3888800)  Is  shown  in  Figure  71. 

The  influence  of  melting  practice  on  the  fatigue  strengths  of  these 
three  alloys  is  illustrated  in  Figures  72,  73,  and  74.  The  fatigue 
behavior  of  the  low  alloy  martensitic  steels  illustrated  in  Figure 
72  demonstrates  that  the  VAR  material  had  the  highest  fatigue 
strengths,  and  that  the  VXM  material  had  the  lowest  fatigue  strengths. 
The  comparison  S-N  curves  for  the  medium  alloy  bainitic  steels 
(Figure  73)  reveal  that  the  ESR  material  had  the  highest  fatigue 
strengths  and  that  the  VZK  had  the  lowest  fatigue  strengths.  The 
comparison  S-N  curves  for  the  low  alloy  bainitic  steels  again 
demonstrate  that  the  ESS  material  had  superior "fbtigue  life 
compared  to  the  VIM  material.  The  low  alloy  bainitic  steel  composi¬ 
tion  was  not  vacuum  arc  reoelted.  As  melting,  practice  haa  been  shown 
to  have  a  pronounced  influence  on  fatigue  properties  for  a  given 
composition  and  strength  level,  a  quantitative  analysis  of  the 
inclusion  contents  was  performed.  It  is  well  known  that  if  environ¬ 
mental  effects  are  eliminated,  the  two  primary  factors  ccnteolliog 
the  fatigue  behavior  of  high  strength  steels  are  strength,  level  and 
inclusion  content.  It  will  be  mentioned  later  that  aicfostructure 
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also  plays  a  role  in  affecting  fatigue  strength,  but  it  is  a 
secondary  role  compared  to  inclusion  content.  It  new  has  been  well 
demonstrated  that  the  size,  number,  shape,  and  location  of  inclusions 
has  a  pronounced  influence  on  the  fatigue  properties  of  steel  (18, 

19,  20,  21,  22,  23,  24,  25,  26,  2/,  28).  Oxides  and  silicates  in 
particular  have  been  found  to  be  most  deleterious  (20,  22,  24-27), 
while  sulfides  have  generally  been  found  to  have  little  harmful 
effect  on  fatigue  properties  (18,  20,  24,  26,  27).  For  this  study, 
as  composition  and  strength  level  were  held  essentially  constant  for 
a  given  alloy  system,  it  seemed  most  likely  that  the  fatigue  behavior 
as  influenced  by  melting  practice  could  most  likely  be  explained  by 
variations  in  inclusion  contents,  size,  shape  or  distribution. 
Standard  metallograpnic  examination  for  microcleanliness  for  all  six 
alloys  (shown  in  Figures  72,  73,  and  74)  was  performed  and  no 
apparent  differences  were  observed.  All  six  heats  were  very  clean. 
Alloys  Z411,  0230,  and  3888800  of  the  medium  alloy  bainitic  steel 
series  were  selected  for  detailed  quantitative  analysis.  The 
quantitative  analysis  was  performed  on  an  AMEDA  instrument  which  is 
an  Automatic  Microscopic  Electronic  Data  Accumulator  manufactured  by 
Femco  Corporation  of  Irwin,  Pennsylvania.  The  AMEDA  was  used  to 
determine  total  volume  percentage  of  inclusions  for  all  inclusion 
types.  The  AMEDA  a  Iso  was  used  to  determine  the  size  distribution  of 
sulfide  inclusions,  but  these  data  were  not  correlatable  to  fatigue 
strength  data  as  sulfides  are  not  responsible  for  the  initiation  of 
fatigue  cracks.  Unfortunately  from  an  analysis  standpoint  the  oxide 
inclusions  were  too  small  in  these  vacuum  melted  and  ESR  steela  for 
size  distribution  data  to  be  determined  on  the  AMEDA.  Point  counting 
was  used  in  a  few  selected  instances  to  verify  the  volume  percent 
numbers  being  determined  on  the  AMEDA.  Point  counting  was  performed 
at  a  magnification  of  320X,  using  125  fields  per  specimen,  with  an 
eye  piece  containing  a  grid  with  81  intersections. 

The  volume  percent  inclusion  data  obtained  on  both  the  AMEDA 
instrument  and  by  point  counting  for  the  VIM,  ESR,  and  VAR  medium 
alloy  bainitic  steels  are  shown  in  Table  XVI.  Initially  the  volume 
percent  measurements  were  determined  on  longitudinal  sections  of  the 
threaded  grip  end  of  the  failed  fatigue  specimen.  These  data  reveal 
that  the  VAR  alloy  3888800  has  by  far  the  lowest  level  of  inclusions, 
and  that  the  VIM  melted  alloy  Z41i  has  the  next  highest  volume 
percentage  and  the  ESR  alloy  C230  has  the  highest  level  of  inclusion 
content.  The  volume  percent  inclusions  determined  by  point  counting 
reveal  the  same  order  of  rating  the  three  alloys  in  terms  of  micro¬ 
cleanliness.  Unfortunately  these  volume  percent  inclusion  numbers 
do  not  correlate  with  the  rating  of  the  fatigue  strengths  as  shown 
in  Figure  73.  The  ESR  alloy  C230  had  the  highest  fatigue  strength 
but  it  also  had  the  highest  volume  percent  of  inclusions.  As  these 
data  were  not  correlateable  it  was  thought  that  counting  the 
inclusion  contents  adjacent  to  the  fracture  surface  would  be  more 
meaningful  than  counting  them  in  the  threaded  grip  region  of  the 
specimen.  The  volume  percent  inclusion  data  obtained  near  the 
fracture  surface  region  of  the  specimen  reveal  that  the  VIM  and  ESR 
materials  have  about  the  same  percentage  of  inclusions-  and  that  again 
the  VAR  material  has  a  significantly  lower  percentage  of  inclusions. 


These  data,  however,  also  do  not  explain  the  relative  fatigue 
strengths  of  .:ho  throe  alloys.  The  reason  for  the  lack  of  correla- 
tion  between  the  vr.  Luoe  percent  Inclusion  measurements  and  the 
fatigue  strengtns  of  the  three  alloys  ie  thought  to  be  duo  to  the 
relatively  small  volume  percentage  of  Inclusions  for  all  ,hree 
alloys.  Because  ciJ.  three  heats  were  really  quite  clean  it  is  felt 
that  the  inclusion  size  and  distribution  at  the  region  of  initiation 
of  the  first  fatigue  crack  is  a  very  localised  situation  which  is 
not  accurately  represented  by  an  average  volume  percentage  of 
inclusions.  It  is  felt  that  the  factor  which  most  probably  controls 
the  fatigue  life  of  these  very  clean  steels  is  the  size  or  orientation 
of  the  oxide  or  silicate  inclusion  located  in  the  maximum  stress 
region  of  the  fatigue  specimen.  Unfortunately,  experimentally 
verifying  this  belief  was  not  possible.  Fatigue  studies  by  Johnson 
and  Sewell  (20)  and  Murray  and  Johnson  (27)  support  this  argument 
by  demonstrating  that  for  the  same  total  number  of  inclusions  (in 
clean  steels)  the  fatigue  life  varied  over  a  considerable  range. 

A  limited  number  of  transverse  fatigue  tests  were  performed.  A 
detailed  study  of  transverse  fatigue  properties  was  not  conducted 
because  it  was  believed  that  the  degree  of  aniaotropy  exhibited  by 
1/2-inch  thick  plate  would  have  little  relevance  to  the  degree  of 
anisotropy  usually  found  in  forgings  or  forging  billet  stock.  The 
transverse  fatigue  properties  were  determined  on  the  low  alloy 
martensitic  steel  composition  in  both  the  VIM  and  ESS  conditions. 

The  longitudinal  and  transverse  fatigue  properties  of  VIM  alloy  Z?51 
are  presented  in  Figures  75  and  76,  and  compared  in  Figure  77,  Alloy 
2351  is  on  additional  heat  of  the  same  nominal  composition  aa  Heat  2409 
and  the  composition  is  listed  in  Table  I.  As  shown  in  Figure  77  a 
normal  amount  of  anisotropy  waa  observed  with  the  10?  cycle  fatigue 
strength  decreasing  from  170  ksi  for  tha  longitudinal  direction  to 
140  kai  for  the  transverse  direction.  Similar  data  are  preaented  n 
Figures  78  end  79  for  the  ESS  low  alloy  martensitic  composition. 

In  this  case  the  observed  aniaotropy  is  minimal  with  the  transverse 
fatigue  strengths  nearly  equaling  the  longitudinal  strengths^ 
Metallopraphic  examination  for  inclusion  contents,  sice  and  distri¬ 
bution  did  not  provide  an  explanation  for  the  different  degree  of 
aniaotropy  between  the  VIM  and  ESR  materials „ 

The  unnotched  fatigue  properties  of  laboratory  produced  300  M  steel 
(VIM  hect  2449)  are  presented  in  Figure  80.  A  10?  cycle  fatigue 
strength  of  about  175,000  pal  was  obtained.  The  fatigue  properties 
of  the  two  VAR  steels,  medium  alloy  bainitic  steel  3888800,  and  low 
alloy  martensitic  steel  3888811,  are  compared  in  Figure  31.  It  can 
be  seen  that  the  fatigue  strengths  of  the  bainitic  steel  ere  slightly 
greater  than  those  of  the  mcrtenaitlc  steel.  Further  comparison  of  the 
fatigue  properties  of  bainitically  heat  treated  steels  .. a  made 
by  the  data  presented  in  Table  XVII  which  compares  tbe  10?  eycl 
fatigue  strength  to  ultimate  tensile  strength  ratio  (Fatigue  Ratio) 
of  the  experimental  steels  in  thia  program  to  the  Fatigue  Ratios  of 
several  commercial  ultra-high  strength  steels.  Aa  fatigue  strengths 
increase  significantly  with  increasing  1  values  these  comparison* 
are  only  made  for  tension- tension  fatigue  testa  with  an  R  value  < i 
either  +0.06  or  +0.10.  Concerning  the  experimental  alloy 
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of  this  investigation  it  can  be  seen  that  the  bainitic  steels 
generally  hav-  ?  much  higher  Fatigue  Ratio  than  the  martensitic 
steels.  Although  the  reason  for  the  lower  fatigue  strength  and 
Fatigue  Ratio  of  VIM  bainitic  alloy  Z411  is  not  icnown,  it  is  felt 
that  the  fatigue  properties  of  this  heat  are  not  representative  of 
the  alloy.  This  can  be  seen  by  comparing  the  Fatigue  Ratine  nf  the 
same  composition  in  the  VAR  condition  (Heat  3888800)  and  the  ESR 
condition  (Heat  C230).  The  10?  cycle  fatigue  strengths  of  about 
200,000  psi  for  bainitic  steels  VAR  3888800,  and  ESR  C230  and  C231 
are  noted  to  be  considerably  superior  to  these  obtained  on  the 
commercially  available  martensitic  steels  such  as  4340,  300  M  and 
18  Ni  maraging.  Other  investigators  have  also  demonstrated  that  the 
fatigue  properties  of  lower  bainite  structures  are  superior  to  those 
of  tempered  martensite  (33).  It  can  also  be  seen  from  the 
information  in  Table  XVII  that  the  Fatigue  Ratios  cf  the  experimental 
martensitic  steels  are  quite  commendable. 

NOTCH  FATIGUE  TESTS 

The  notch  fatigue  strengths  of  two  experimental  steels  are  shown  in 
Figures  82,  83,  and  84.  Notch  fatigue  tests  were  only  performed  on 
the  VAR  steels  as  there  was  insufficient  plate  material  to  obtain 
both  unnotched  and  notched  fatigue  specimens  £rsa  the  VIM  and  ESR 
heats.  The  comparison  S-N  curves  shown  in  Figure  84  reveal  that  the 
notch  fatigue  strengths  of  these  two  alloys  come  together  £o  a  common 
value  of  about  80, COO  psi  at  10^  cycles.  This  is  a  commonly  observed 
behavior,  that  whils  there  may  be  differences  in  fatigue  properties 
between  alloya  at  Kt  =  1,  the  notch  fatigue  properties  of  different 
high  strength  steels  tend  to  be  very  similar.  At  similar  R  values  the 
10 '  cycle  notch  fatigue  strengths  of  -30, COO  psi  for  alloys  3888S00 
and  3888811  compare  to  «  value  of  60,300  psi  for  3Q0  M  steel  (30) 
and  40,000  psi  for  high-purity  18  Ni  maraging  steel  (15). 

3.  Thermal-Mechanical  Working  Treatments 

An  investigation  was  conducted  to  determine  the  effects  of  deformation 
of  an  annealed  ferrite-carbide  matrix,  upon  the  mechanical  properties  of  a 
subsequently  conventionally  heat  treated  low  alloy  martensitic  and  bainitic 
steel.  The  genesis  of  this  work  was  the  work  of  Webster  (34)  which 
demonstrated  that  the  deformation  of  an  annealed  or  tempered 
martensitic  structure  for  both  AFC-77,  a  martensitic  stainless  steel, 
and  300  M  steel,  produced  microscopic  voids  <'t  the  carbide-ms trix 
interfaces,'  and  tbit  these  voids  were  metastatic  in  austenite  at  high 
temperatures  and  resulted  iu  considerable  refinement  of  austenite 
grain  size  by  acting  as  barriers  to  grain  growth.  A  series  of  thermal- 
mechanical  treatments  were  given  to  commercial  300  M  steel,  an 
experimental  low  alloy  martensitic  steel,  and  an  experimental  low 
alloy  bainitic  ateel  in  order  to  effect  refinement  of  the  prior  aus¬ 
tenite  grain  size  and  subsequent  mechanical  properties. 

The  first  material  investigated  was  commercial  300  M  steel,  which 
was  processed  by  the  following  six  thermal-mechanical  treatments: 


s.  Spheroidize  anneal  and  deform  501  at  1200  F  at  the  completion 
of  the  annealing  cycle. 

b.  Spheroidize  anneal,  cool  to  room  temperature  and  defort;  SOX. 

c.  Spheroidize  anneal,  cool  to  room  temperature,  heat  to  i200  F 

and  deform  50X. 

d.  Temper  quenched  material  at  1200  F  and  deform  SOX  at  1200  F. 

e.  Temper  quenched  material  »t  1200  F,  cool  to  room  temperature 

end  deform  50X. 

f.  Temper  quenched  material  at  1200  F,  cool  to  room  temperature, 
heat  to  800  F  and  deform  SOX. 

The  300  M  steel  procesaed  as  shown  above  was  austenitized  at  varioua 
temperatures  and  examined  metallographies lly  to  determine  prior 
austenite  grain  size.  These  results  are  shown  in  Table  XVlll.  The 
dbta  indicate  that  auatenltization  must  take  place  at  least  50  F 
below  the  conventional  austenitizing  temperature  of  1375  to  1600  F 
in  order  for  significant  grain  refinement  to  teke  plaice.  Tie 
hardness  data  on  the  oil  quenched  samples  indicate  that  apparently 
all  carbides  are  dissolved  at  temperatures  as  low  as  1475  F. 

Material  processed  by  each  of  the  six  proceaaea  was  then  aueteniti- 
sed  for  1/2  hour  at  1475  and  1525  F,  oil  quenched  and  tempered 
for  2+2  hrs  at  600  F.  The  resulting  tensile  and  Charpy  impact 
properties  are  shown  in  Teble  XIX.  For  both  the  apheroldlzed 
annealed  and  tempered  martensitic  structures  rolling  at  1200  7 
versus  rolling  at  room  temperature  did  not  significantly  effect 
either  strength  or  toughness  properties.  For  a  given  deformation 
treatment  the  spheroldized  mi cr ©structures  produced  a  finer  grain 
size  than  the  tempered  martensite  micros true tures. 

Comparing  the  mechanical  properties  of  the  conventionally 
austenitised,  quenched  end  tempered  300  M  steel  to  these  of  the 
grain  refined  thermal-mechanics l ly  processed  300  M  steel  it  can  be 
seen  that  the  yield  and  tensile  strengths  were  Increased  generally 
by  3  to  6%;  that  the  reduction  In  area  values  decreased  by  9  to 
30%;  that  the  elongation  values  decreased  by  8  to  25%,  and  that 
the  Charpy  impact  energy  values  varied  irregularly  f .■ jw  an  increase 
of  5Z  to  a  decrease  of  30%.  These  results  Indicate  £hat  the  re* 
duction  in  prior  austenite  grain  size  from  about  AS  El  number  9  to 
ASTM  number  13,  for  300  M  steel,  as  e  result  of  these  thermal* 
mechanical  treatments  is  not  warranted  from  a  mechanical  property 
standpoint. 

The  experimental  low  alloy  martensitic  steel  (Alloy  5350  with  the 
•ame  nominal  composition  as  Alloys  Z409  and  245)  was  processsd 
with  the  following  thermal-mechanical  treatment  cycles: 

a.  Spheroidize  anneal  and  deform  50%  by  rolling  at  1100  f  at  the 
completion  of  the  annealing  cycle  end  air  cool  'Iter  rolling. 
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b.  Spheroidize  anneal,  air  cool  to  room  temperature,  heat  to  1100  F 
and  deform  50%;  air  cool. 

c.  Austenitize,  oil  quench,  temper  at  1200  ?,  deform  50%  at  1200  F; 
air  cool. 

d.  Austenitize,  oil  quench,  temper  at  12G0  F,  sir  cool  to  room 
temperature,  heat  to  SG0  F  and  deform  50%;  air  cool. 

The  /.35Q  alloy  (composition  shown  in  Table  I),  processed  ss  shown 
above,  was  austenitized  at  various  temperatures  gnd  examined  metallo¬ 
graphies!  ly  to  determine  prior  sus^eEita  grain  si*$.  These  results 
sre  shown  in  Table  XX,  The  data  indies ce  that  austenitisation  must 
take  place  least  50  F  below  the  convention*!  austenitizing 
temperature  of  1675  to  I7&S  ?  far  this  alley  in  order  for  significant 
grain  refinement  £s  teks  pi^ce.  The  hardness  dots  on  the  oil 
quenched  samples  indicate  tfesi  agnsresCty  all  carbides  are  dissolved 
ac  temperatures  as  low  as  15 ?5  F.  Material  prscsrscsd  by  each  of  the 
four  processes  was  then  austenitised  for  1  hour  at  ihOO  ?,  oil 
quenched  and  tesserae  for  1*2  hours  at  600  F.  The  resulting 
tensile  and  chirpy  isr-set  groseriis-?  ere  gessestsd  is  Table  2X1. 

There  does  not  sees  fb  be  a  significant  difference  between  the  four 
thersal-aechanical  treatments  snd  the  degree  of  grain  refinessRt. 
Compared  to  the  conventions! ly  quenched  snd  tea^ersd  ast*rielf  the 
thermal-mechanicaily  processed  material  achieved  a  sass!  nod  varying 
Increase  in  yield  strength:  the  ultimate  tensile  strength  incr«c?ssd 
about  3.5%,  the  %  El.  values  were  essentially  uasffee-ted,  and  the 
%  E.A.  values  were  increased  by  about  20%,  while  the  C§S  voices  vgrs 
increased  by  about  15%. 

In  order  to  determine  if  a  Osinitic  stgiicture  wsHld  respond  in  s 
different  fashion  to  grain  refinement  t-resigsshte^  low  alloy  agist  tie 
steel  Z412  received  the  following  processing  cycles: 

a.  Spheroidize  anneal  and  deform  50%  by  railing  at  1200  g  at  the 
completion  of  the  annealing  cycle  and  air  cool  after  rolling. 

b.  Spheroidize  anneal,  air  cool  to  room  temperature,  heat  to  1230  F 
and  deform  50%;  air  cool. 

c.  Austenitize,  oil  quench,  temper  at  1200  F,  deform  50%  s£  1200  P, 
and  air  cool. 

After  processing  as  shown  above,  the  material  was  austenitised  at 
two  different  temperatures  (1600  F  and  1650  F)  and  then  isotberma lly 
transformed  at  475  F  for  six  hours  to  s  fully  bainitic  structure. 

The  resulting  tensile  and  Charpy  impact  properties  are  presented  in 
Table  XXII.  For  all  three  processing  treatments  the  lover 
austenitizing  temperature  produced  a  finer  grain  size  which  resulted 
in  an  increase  in  yield  strength.  It  did  not  significantly  affect 
any  of  the  other  tensile  properties.  There  seemed  to  be  some  trend, 
but  perhaps  not  a  significant  one,  of  decreasing  Charpy  impact 
toughness  with  increased  yield  strength  and  finer  grain  size  produced 


by  the  lower  austenitizing  tempe*  ^ure.  For  a  given  austenitizing 
temperature  there  did  not  seem  to  be  any  significant  difference  in 
mechanical  properties  as  a  function  of  the  thermal-mechanical 
process,  nor  was  there  any  significant  difference  when  compared  to 
the  conventionally  heat  treated  bainitic  material.  A  Hsll-Petch 
plot  of  the  yield  strength  and  grain  size  data  is  3hown  in  Figure  85 
along  with  the  data  for  the  martensitic  steels.  Least-square  fit 
lines  have  been  drawn  through  the  data  points  for  each  alloy  and  the 
dotted  lines  indicate  the  90  percent  confidence  limits.  It  can  be 
seen  that  for  the  limited  range  of  grain  sizes  obtained,  that  grain 
refinement  had  a  greater  effect  in  increasing  yield  strength  for  the 
bainitic  steel  than  for  the  martensitic  steels.  Grain  refinement 
appears  to  be  an  ineffective  means  of  strengthening  medium  carbon 
martensitic  steels.  In  addition  toughness  properties  are  not 
significantly  changed  and,  as  was  mentioned  previously,  it  has  been 
shown  that  grain  refinement  does  not  improve  the  K-rcrr  values  for 
4340  steel  06). 


IV.  COMPARISON  OF  EXPERIMENTAL  MARTENSITIC  STEELS 
WITH  COMMERCIAL  HIGH  STRENGTH  STEELS 


The  alloy  development  studies  discussed  previously  in  Section  III  demonstrated 
that  of  the  two  bainitic  alloy  systems  and  two  martensitic  alloy  systems 
investigated,  the  best  strength  and  toughness  properties  were  obtained  on 
5 Hoys  in  the  medium  carbon  Ni-Cr -Mo-Si- V  low  alloy  martensitic  system.  In 
addition  the  stress  corrosion  studies  demonstrated  that  the  low  alloy  Ni-Cr- 
Hs-Si-V  martensitic  steels  had  higher  SCC  resistant,  KjSCC*  values  than  the 
best  bainitic  steel.  It  is  the  purpose  of  this  section,  therefore,  to  com¬ 
pare  the  properties  of  the  laboratory  produced  experimental  Ni-Cr -Mo- Si- V 
esrgsssitic  steels  with  similar  properties  of  currently  used  commercially 
produced  ultra-high  strength  steels. 

■SUgtg-STSAXK  FRACTURE  TOUGHNESS 

fhigk  session  Igsding  gear  components  are  sufficiently  large  such  that  the 
state  of  stress  around  most  flaws,  if  present,  vu>.ild  be  plane  strain.  The 
sesdj.Siene,  therefore.  Shat  would  lead  to  brittle  fracture  will  be  determined 
by  the  cisne-strsin  fracture  toughness  parameter,  Kjq,  A  summary  of  the 
plane -^strain  fracture  toughness  data  for  H-ll,  4340,  300  M,  HP  9-4-45,  and 
18  Si  marsging  steels  at  room  temperature  and  -65  F  are  illustrated  in 
Figures  86,  and  87  respectively.  To  the  extent  that  was  possible  all  of  the 
%C  data  used  to  comprise  Figures  86,  and  87  were  judged  to  be  valid  Kjq 
data.  The  Kjc  data  for  4340  steel  were  obtained  from  references  (2B,  35, 
and  36).  The  dets  for  H-ii  were  obtained  from  references  (35,  36,  and  37). 

The  data  for  HP  9-4-45  steel  were  obtained  from  references  (37  and  38),  for 
300  K  steel  references  (28,  37,  39,  and  15);  for  18  Ni  meraging  steel 
references  (15,  37,  38,  40,  and  41). 

The  room  temperate  ?  fracture  toughness  data  shown  in  Figure  86,  reveal  the 
usual  trend  of  creasing  toughness  with  increasing  strength  level  for  all 
steels.  As  the  260  to  280  kr.i  strength  level  HP  9-4-45  steel  heat  treated 
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in  the  bainitic  condition  has  the  highest  fracture  toughness  values.  The 
drawback  of  the  EF  9-4-45  bainitic  alloy  is  that  in  thick  sections  the 
highest  strength  that  can  be  guaranteed  is  260  ksi.  The  strength- toughness 
relationships  for  the  18  Ni  maraging  steels  are  seen  to  be  very  good, 
however,  the  18  Ni  maraging  steels  have  not  been  used  for  aircraft  landing 
gear  components  because  of  problems  with  thermal  embrittles nt  in  thick 
sections,  low  notch  fatigue  properties,  and  a  low  strain  hardening  exponent. 
The  other  three  steels,  H-ll,  4340,  and  300  M  have  all  been  used  in 
production  for  aircraft  landing  gear  forgings  and,  of  course,  the  300  M 
alloy  is  used  extensively  today  in  current  aircraft.  It  can  he  seen  from  the 
fracture  toughness  data  at  beth  temperatures  (Figures  86  and  87)  that  the 
strength- fracture  toughness  relationships  for  the  new  low  alloy  Ni-Cr-Mo-Si-V 
martensitic  steels  are  considerably  superior  to  the  a trength- toughness 
relationships  of  434G,  H-ll,  and  300  M  steels.  It  should  be  cored  that  tbe 
fracture  toughness  data  on  the  experimental- laboratory  martensitic  steels  are 
thought  to  be  conservative  or  low  side  fracture  toughness  values,  pur 
experience  with  both  300  M  steel  and  the  HI’  SNi~4€o  steels  has  indicated  that 
for  the  same  composition  the  fracture  toughness  properties  obtained  on  pro¬ 
duction  material,  from  large  ingots  using  electric  furnace  air  melt-vacuum 
arc  remelt  practice,  are  superior  to  those  obtained  on  small  laboratory  VIM 
ingots.  The  fracture  toughness  properties  of  Shs  gxperimenta 1  steels  are, 
therefore,  expected  to  increase  by  10  to  15  percent  when  determined  from 
production  VAR  material.  The  strength- toughness  relationships  in  Figures  86 
and  87  reveal  that  the  strength  level  of  the  new  low  alloy  martensitic  steels 
has  been  increased  by  about  25,000  psi  (from  about  230  ksi  to  310  ksi}  while 
maintaining  the  same  level  of  fracture  toughness. 

The  crack  propagation  resistance  of  these  Steele  can  be  compared  in  terms  of 
critical  crack  sise  rather  than  the  absolute  magnitude  of  Kj-q.  Fracture 
mechanics  analyses  demonstrate  that  fracture  will  occur  when 

K^-l.lo/,0  75  (1) 


where: 


0  =  gross  area  applied  stress 
C  «  critical  crack  depth 
Q  =  geometric  flaw  shape  parameter 


In  airframe  design,  the  applied  stress  is  often  limited  to  a  fraction  of 
the  material  ultimate  tensile  strength  (0jj);  i.e.. 


a  -  f  0„ 


(2) 


where  f  is  a  design  parameter.  Therefore,  equation  (l)  can  be  written  as: 

KJC  -  1.  L  £  Ojj  /,C  ^  (3) 


or: 


C  = 


Sc, 


TitTf*  ^ 


C4) 
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The  critical  crc-ck  size  is  therefore  proportial  to  (Kjc/aj*)^.  Using  the 
room  temperature  ultimate  tensile  strengths  and  Kxc  values  from  Figure  86, 
the  critical  crack  size  parameter  (Kiq/o^)2  was  calculated  and  are  compared 
in  Figure  88.  This  comparison  of  critical  flaw  size  parameters  reveals 
that  the  new  Ni-Cr-Mo-Si-V  martensitic  steels  at  a  tensile  streugth  level  of 
about  310  ksi  have  the  same  critical  cruck  size  as  300  H  steel  at  280  ksi, 

4340  at  260  ksi  and  H-ll  at  240  ksi.  In  other  words  the  new  experimental 
steels  have  the  same  flaw  size  tolerance  as  the  commercial  H-ll,  4340,  and 
300  M  steels  at  considerably  h  .gher  strength  levels. 

CHARPY  IMPACT  DATA 

The  room  temperature  Charpy  impact  data  for  the  new  experimental  martensitic 
steels  are  compared  to  similar  data  for  commercial  high  strength  steels  in 
Figure  89.  There  were  insufficient  CVN  data  on  commercial  steels  at  -65  F 
to  make  a  comparison  at  this  test  temperature.  All  of  the  CVN  data  are 
from  longitudinally  oriented  specimens  and  the  data  for  the  commercial 
steels  were  taken  from  references  (15,  28,  38,  and  42).  The  data  in  Figure 
89  reveal  that  a  rather  large  degree  of  scatter  exists  for  300  M  steel, 
however,  this  is  not  unexpected  as  the  Charpy  impact  test  is  kncvn  to  be  B'Ore 
sensitive  to  inclusion  contents  than  the  plane- strain  fracture  toughness  test. 
The  data  also  reveal  that  for  a  given  strength  level  the  Charpy  impact 
energy  values  for  the  18  Ni  maraging  steels  are  rather  low  compared  to  4340, 

H?  9-4-45,  and  300  M  steels.  This  is  now  a  commonly  observed  behavior  that 
while  the  18  Ni  maraging  steels  have  high  fracture  toughness,  they  have  re¬ 
latively  low  CVN  energy  values.  This  characteristic  of  18  Ni  maraging  steels 
is  probably  a  result  of  the  ease  of  plastic  instability  in  this  material. 

It  can  be  seen  from  Figure  85  that  the  strength-Charpy  impact  toughness 
relationships  of  the  new  martensitic  steels  are  significantly  superior  to  all 
of  the  commercial  steels. 

STRESS  CORROSION  RESISTANCE 

It  is  well  known  that  ultra-high  strength  steels  are  very  susceptible  to 
stress  corrosion  cracking.  To  avoid  stress  corrosion  cracking  in  ultra-high 
strength  landing  gear  components  ective  treatments  such  ao  cadmium 
plating  and  painting  have  been  ap  .-d,  end  shot  peening  has  been  used  to 
induce  residual  surface  compressive  stresses  in  order  to  suppress  crack 
initiation.  In  recent  years  the  SCC  resistance  of  sigh  strength  materials 
has  been  determined  by  the  use  of  fatigue  cracked  fracture  toughness  specimens, 
which  have  the  two- fold  advantage  of  reducing  the  inherent  appreciable  scatter 
incurred  with  the  use  of  unnotched  specimens,  and  providing  a  SCC  resistance 
parameter  which  is  quantitative  and  provides  the  possibility  of  use  in  design. 

The  threshold  stress  intensity  values,  XxsCG»  ^or  Ni-Cr-Ho-Si-V  aar- 
tensitic  steels  are  compared  to  the  KiscC  values  for  the  commercial  high 
strength  steels  in  Figure  90.  The  Kxscc  values  for  the  commercial  steels  vets 
obtained  from  references  (12,  15,  16,  43,  44,  and  45).  The  data  reveal  that 
in  the  strength  level  range  of  260  to  280  ksi,  4340,  300  M,  and  H-ll  steel* 
have  values  in  the  range  of  10  to  20  ksi  /in.  At  strength  levels  in 

the  vicinity  of  300  ksi,  however,  the  maraging  steels  SCC  resistance  decreases 
to  Kjscc  values  of  7  to  12  ksi  /in.  The  new  low  alloy  martensitic  g  reels  at 
much  higher  strength  levels  (298  to  332  ksi)  have  K^SCC  values  in  the  range 
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of  16  to  19  ksi  /in.  The  strength  -  SCC  resistance  relationships  of  the 
newly  developed  martensitic  steels  have,  therefore,  been  improved  compared 
to  both  18  Ni  maraging  and  4340,  300  M,  and  H- 11  steels.  Sven  with  this  im¬ 
provement,  however,  these  levels  of  SCC  resistance  are  not  inherently  high 
and  therefore  these  steels  will  not  be  able  to  be  applied  from  an  engineering 
reliability  standpoint  by  means  of  the  fracture  mechanics  approach  utilizing 
the  knowledge  of  the  stress  state,  defect  size  and  periodic  nondestructive 
inspection  techniques.  These  new  ultra-hign  strength  low  alloy  steels  will, 
tr.-  efore,  have  to  be  utilized  In  the  same  Tanner  that  the  present  high 
strength  steels  have  been  so  successfully  utilized  from  a  SCC  resistance 
standpoint,  by  means  of  plating,  painting,  and  shot  ^eening. 

FATIGUE  PROPERTIES 

The  complete  notch  and  unnotch  fatigue  properties  of  both  experimental 
bainitic  and  martensitic  steels  were  presented  and  discussed  previously  in 
section  C-2.  In  Figure  91  the  ucnoteh  fatigue  properties  of  tie  Ni-Cr-Mo-Si- 
V  martensitic  s.cels  are  compared  to  similar  fatigue  properties  for  several 
ccHssercial  steels.  All  of  the  data  shown  in  Figure  91  are  for  tension- 
tension  fatigue  tests  at  R  values  of  either  +0.06  or  +0. 10.  Tie  rather  large 
body  of  rotsting-beam  (R  =  -1.0)  fatigue  data  on  high  strength  steels  could 
not  be  utilized  for  such  a  comparison.  The  fatigue  data  on  the  commercial 
steels  were  obtained  from  references  (15,  30,  31,  32,  and  38).  The  comparison 
reveals  that  the  experimental  martensitic  steels  have  considerably  higher 
fatigue  strengths  than  the  commercial  steels.  The  experimental  martensitic 
steels  demonstrated  10?  cyc’e  fatigue  strengths  in  the  range  of  170  to  190 
ksi  while  the  commercial  steels  exhibited  10?  cycle  fatigue  strengths  in  the 
range  of  90  to  130  ksi.  BoLo  groups  of  steels  seem  to  have  a  trend  of 
decreasing  fatigue  strength  with  increasing  tensile  strength  level.  This 
effect  has  been  observed  previously  (46) ,  however,  neither  the  reason  or  the 
significance  of  this  trend  is  understood  at  the  present  time.  It  is  believed 
that  the  reason  the  experimental  martensitic  steels  have  greater  fatigue 
strengths  than  the  commercial  steels  is  a  higher  degree  of  mica ocleanliness 
in  the  experimental  steels.  Except  as  it  effects  tensile  streigth  level, 
composition  io  known  to  have  little  effect  on  fatigue  propertits  of  ultra- 
high  strength  steels.  Ibis  basic  difference  between  the  labor* tory  produced 
steels  and  the  commercially  produced  steels  can  be  seen  by  comparing  the 
fatigue  strengths  of  laboratory  produced  300  M  steel  versus  commercially 
produced  300  H  steel.  It  is  anticipated,  therefore,  that  the  new  low  alloy 
martensitic  steel  when  melted  by  commercial  steelmaking  practice,  in  large 
ingot  sizes,  will  have  fatigue  strengths  in  the  range  of  130  to  150  ksi, 
when  tested  under  similar  conditions. 


V.  SI MihBS  AND  CONCLUSIONS 

Exhaustive  and  detailed  alley  development  and  processing  investigations  were 
conducted  ia  order  to  develop  an  ultra-high  strength  steel  in  the  300  to  320 
ksi  ultimate  tensile  strength  range,  with  improved  fatigue  strength, 
fracture  toughness,  and  stress  corrosion  resistance  for  greater  reliability 
in  forged  landing  gear  components.  Two  bainitic  alloy  sy stems  and  two  mar¬ 
tensitic  alloy  systems  were  thoroughly  investigated  in  order  to  develop  the 
best  combination  of  mechanical  properties  at  tensile  strength  levels  in 


excess  of  300,000  pel.  Of  the  four  alloy  systems  investigated,  steels  from 
the  low  alloy  medium  carbon  Ni-Cr-Mo-Si-V  martensitic  system  developed  the 
be3t  combination  of  fracture  toughness,  fatigue  strength  and  stress 
corrosion  cracking  resistance. 

The  stress  corrosion  si-  "  _<  lemons tratc-d  that  while  lowering  phosphorous 
and  sulfur  levels-  is  beneficial  to  toughness  properties  it  has  essentially 
no  affect  on  SCC  resistance,  as  indicated  by  the  parameter,  for  either 

high  strength  bainitic  or  martensitic  steels.  Similar  studies  in  low  alloy 
martensitic  steel"?  demonstrated  that  variations  in  silicon,  chromium,  and 
molybdenum  significant. ty  effected  plane  strain  fracture  toughness  properties, 
whi >.a  asking  no  effect  on  K,-gg£  values.  The  low  alloy  Ni-Cr-Mo-Si-V  steels 
had  higher  SCC  tesistsree  tSan'*the  best  medium  alloy  bainitic  steel. 

The  processing  studies  conducted  on  two  bainitic  alloys  and  one  martensitic 
alloy  revealed  that  the  vacuum  arc  remelted  steels  had  the  highest  level  of 
fracture  toughness,  while  the  electroslag  remelted  materials  had  the  lowest 
love*  of  frsetute  toughness  with  the  vacuum  induction  melted  material  being 
intermediate  in  toughness  properties.  Considering  the  influence  of  melting 
practice  on  fatigue  properties,  for  the  two  bainitic  steels  the  BSE  material 
had  the  highest  fatigue  strengths,  sad  the  VIM  material  the  lowest  fatigue 
strengths,  for  the  martensitic  steel  the  VAR  material  had  the  highest  fati¬ 
gue  strengths  followed  by  the  ESR  material  and  then  the  VIM  material.  The 
experimental  steels  demonstrated  uroiotch  Id-  cycle  fatigue  strengths  in  the 
range  ox  170,000  to  210,000  psi.  The  notch  (Kt  *  3.0)  fatigue  strengths  of 
the  YAK  baiAitic  steel  end  the  VAE  martensitic  steel  were  essentially  the 
same  (80,000  psf)  at-  10'  cycles.  Theresa i-aechaaica  1  working  treatments  de¬ 
monstrated  that  the  strength  and  too sbness  properties  of  ultra-high  strength 
low  *lloy  martensitic  and  bainitic  £•  e* la  ere  little  influenced  by  refinement 
of  the  prior  austenite  grain  siie. 

Comparison  with  similar  properties  of  currently  used  and  commercially  jadted 
uitrs-high  strength  steels,  revealed  that  tne-  strength-  igltnssa  properties 
of  the  new  low  alloy  martensitic  steels  were  superior  to  the  strength 
toughness  properties  of  the  commercxa lly  produced  steels.  Comparison  of  the 
threshold  stress  intensity  (Kjscc)  SCC  resistance  parameter  indicated  that 
the  saw  martensitic  steels  had  higher  %gec  va^s*-s  tkm  the  current 
cosanerciej  steels  at  s  cc  si/crably  higher  strength  level.  The  tension- 
tension  (k  «  -0. id)  unoatch  fatigue  strengths  at  10?  cycles  were  in  the  range 
of  170  to  ISO  ksi  for  the  newly  developed  martensitic  steels  compared  to 
90  to  130  !*sl  for  the  cttsKasrciai  ateela. 
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From  the  alloy  development  and  processing  studies  a  new  improved  ultra-high 
strength  martensitic  steel  with  a  uoainal  composition  of 
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has  been  developed.  When  heat  treated  by  normalizing,  austenitizing,  oil 
quenching,  refrigerating,  and  double  tempering  at  600  F  the  alloy  develops 
the  following  average  longitudinal,  roost  temperature  properties  based  on 
laboratory  sized  heats: 


U.T.S.,  ksi  2il 

Y.S. i  ksi  268 

Elongation,  %  12 

Reduction  of  area,  X  44 

CVN-  ft- lbs  20 

Kjc»  ksi  /in.  60 

KISCCi  ksi  An.  17 

Axial  fatigue  strength  at  10'  cycles,  Kt  «  1,  ksi  170 

Axial  fatigue  strength  at  10^  cycles,  Kt  =j  3.0,  ksi  80 
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MECHANICAL  PROPERTIES  OF  LOW  ALLOY  BAINAGING  STEELS 
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CVN 
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ksi 

ksi 
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ft- lb 

ksi 

ksi 
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ft- lb 
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Average  longitudinal,  roc-a  temperature  properties  of  sir  melted  heats. 
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TABLE  IV 


MECHANICAL 

PROPERTIES 

OF  MEDIUM  ALLOY 

B/jINITIC 

STEELS 

Heat 

Y.S, 

U.T.S. 

El. 

R.A. 

CVN 

No, 

ksi 

ksi 

% 

7. 

ft- lbs 

B266 
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264 

12 

32 

8 

197 

264 

12 

32 

8 
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268 

15 

46 

14 
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267 

15 

44 

14 
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12 
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10 
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20 
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216 
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52 

19 

213 

256 

13 

54 

24 

Room  temperature  properties  of  air  melted  heats  tested  in 
longitudinal  direction 
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TABLE  V 


MECHANICAL  PROPERTIES  OF  MEDIUM  ALLOY 
BAINIHO  STEEL?' 


Heat 

Isothermal-Transformation 

Y.S. 

d.T.S. 

El. 

R.A, 

CVN 

No. 

Temperature,  °F 

ksi 

ksi 

JL 

% 

ft- Ifcs 

Z211 
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301 
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11 
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ii 
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li 
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29 

540 

247 

284 

13 

50 

18 

Z221 

590 

218 

254 

14 

55 

23 

520 

239 

286 

13 

42 

16 

Z222 

570 

221 

263 

13 

45 

17 

445 

218 

285 

12 

41 

16 

Z223 

495 

206 

265 

12 

45 

17 

470 

225 

283 

12 

44 

13 

Z224 

520 

207 

264 

13 

46 

16 

490 

223 

281 

12 

40 
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15 

Average  longitudinal,  room  temperature  pioperties 


MECHANICAL  PROPERTIES  OF  MEDIUM  CARBON  Ni-Cr-Mo-W-V 
MARTENSITIC  STEELS 


400  F  Temper _ _ _ 600  F  Temper 


Heat 

Test 

Y.S. 

U.T.S. 

El. 

R.A. 

CVN 

Y.S. 

U.T.S. 

El. 

R*  A  * 

CVN 

No. 

Dir. 

ksi 

ksi 

% 

7* 

ft- lbs 

ksi 
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/* 

7. 

ft- lbs 

V707 

T 
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52 
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14 
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24 

T 
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48 

24 
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13 
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I, 
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36 

1C 
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41 

10 

T 
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li 

31 
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41 
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V709 

M 

225 

286 

11 

28 

13 

215 

270 

12 

40 

13 

T 

218 

296 

11 

26 

11 

213 

267 

11 

3D 

10 

V7I0 

L 

226 

279 

10 

34 

14 

242 

263 

11 

44 

12 

T 

222 

285 

8 

'  ** 

11 

240 

260 

8 

31 

10 

7711 

L 

213 

274 

12 

15 

211 

258 

12 

44 

11 

T 

213 

273 

9 

27 

12 

207 

254 

9 

27 

10 

V712 

L 

221 

263 

13 

45 

21 

216 

246 

14 

54 

IS 

T 

222 

268 

11 

42 

18 

216 

246 

12 

47 

17 

V713 

L 

213 

271 

12 

45 

22 

215 

246 

13 

53 

20 

T 

<16 

261 

12 

40 

18 

214 

245 

12 

48 

IS 

V714 

L 

230 

284 

8 

21 

8 

234 

271 

1C 

.36 

9 

T 

228 

293 

6 

15 

7 

229 

270 

8 

26 

S 

V715 

L 

213 

286 

11 

32 

13 

212 

266 

U 

33 

U 

T 

225 

283 

10 

32 

11 

210 

265 

11 

40 

12 

V716 

L 

195 

267 

13 

40 

21 

196 

242 

£2 

43 

16 

T 

205 

2?0 

15 

41 

19 

198 

243 

13 

41 

15 

V717 

L 

201 

265 

13 

45 

23 

198 

241 

13 

53 

17 

T 

202 

265 

12 

44 

21 

197 

237 

12 

51 

16 

V748 

L 

217 

310 

8 

18 

12 

218 

282 

11 

3' 

12 

T 

226 

307 

8 

15 

12 

220 

279 

8 

17 

9 

V749 

I. 

231 

283 

10 

25 

12 

237 

267 

11 

40 

11 

T 

229 

294 

11 

25 

9 

238 

269 

11 

10 

V750 

L 

235 

300 

8 

18 

9 

255 

282 

9 

31 

10 

T 

247 

304 

8 

16 

6 

250 

278 

7 

IS 

8 

V75 1 

L 

236 

2SQ 

10 

34 

12 

244 

264 

11 

47 

12 

T 

238 

287 

10 

37 

11 

245 

265 

10 

40 

10 

275 

L 

242 

300 

11 

30 

13 

242 

267 

10 

38 

12 

Z77 

l 

211 

30? 

12 

30 

16 

207 

274 

S 

27 

14 

Z7S 

L 

230 

301 

9 

22 

14 

236 

277 

9 

34 

9 

Z79 

L 

228 

234 

10 

35 

13 

231 

261 

10 

44 

9 

Average  (2  specimens  per  condition)  rooe  temperature  properties 
Heats  275  through  279  are  re-sake  heats  of  V7I0,  V74S,  V750  sad  V?5i 
respectively 
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TABLE  VIII 


MECHANICAL  PROPERTIES  OF  Ni-Cr-Mo-W-V  MARTENSITIC  STEELS 


Heat 

No. 

Tempering 

Temperature 

°F 

Y.S. 

ksi 

U.T.S. 

ksi 

El. 

% 

R.A. 

_X_ 

CVN 
ft- lbs 

+70  F  -65  ] 

Z386 

500 

270 

317 

11 

38 

18 

_ 

550 

269 

313 

10 

38 

18 

- 

600 

268 

308 

12 

42 

16 

’5 

650 

269 

304 

11 

44 

16 

700 

268 

299 

11 

41 

16 

.2 

Z387 

500 

272 

317 

11 

41 

18 

550 

270 

312 

10 

40 

17 

- 

600 

269 

312 

13 

43 

17 

13 

650 

271 

309 

11 

41 

17 

- 

700 

269 

303 

12 

38 

16 

13 

Z388 

500 

268 

319 

11 

37 

16 

_ 

550 

268 

315 

10 

31 

15 

- 

600 

271 

313 

10 

39 

16 

12 

650 

272 

310 

11 

35 

1-5 

- 

700 

271 

304 

11 

35 

14 

12 

Average,  longitudinal,  properties 
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TABLE  IX 


MECHANICAL  PROPERTIES  OF  MEDIUM  CARBON 
Ni-Cr-Mc-Si-V  MARTENSITIC  STEELS 


Tempering 


Heat 

Temperature 

Y.S. 

U.T.S. 

El. 

R.  A. 

Charpy  Impact 

Energy, 

ft- lbs 

No. 

°F 

ksi 

ksl 

7. 

_Z_ 

+70  F 

0  F 

-65  F 

-200  F 

243 

4C0 

243 

298 

11 

46 

20 

20 

20 

14 

500 

248 

291 

12 

50 

19 

- 

- 

- 

600 

243 

284 

9 

45 

17 

16 

12 

7 

700 

228 

263 

12 

50 

14 

- 

- 

- 

800 

207 

232 

11 

44 

22 

- 

- 

- 

244 

400 

24^ 

305 

11 

44 

22 

21 

18 

16 

500 

254 

299 

12 

47 

21 

- 

- 

- 

600 

258 

298 

10 

44 

20 

19 

16 

10 

700 

247 

278 

13 

53 

16 

- 

- 

- 

800 

216 

245 

12 

50 

15 

- 

- 

- 

245 

400 

260 

317 

11 

44 

22 

20 

17 

10 

500 

263 

310 

11 

47 

19 

- 

- 

- 

600 

263 

307 

11 

45 

21 

19 

17 

9 

700 

264 

298 

11 

49 

17 

- 

- 

- 

800 

232 

268 

13 

50 

13 

- 

- 

- 

246 

400 

258 

311 

11 

42 

20 

20 

19 

11 

500 

263 

306 

11 

45 

19 

- 

- 

- 

600 

261 

299 

10 

39 

16 

16 

13 

9 

700 

257 

285 

12 

51 

15 

- 

- 

800 

225 

250 

12 

47 

14 

- 

- 

- 

247 

400 

256 

307 

10 

40 

21 

20 

16 

10 

SCO 

261 

306 

10 

42 

19 

- 

- 

- 

600 

266 

306 

11 

41 

19 

16 

13 

10 

700 

254 

278 

11 

51 

15 

- 

- 

- 

800 

221 

242 

11 

45 

14 

- 

- 

- 

243 

400 

246 

3?  3 

10 

40 

20 

20 

16 

7 

500 

255 

307 

11 

42 

18 

- 

- 

- 

600 

256 

305 

6 

16 

16 

13 

12 

7 

700 

251 

291 

11 

45 

12 

- 

- 

- 

800 

220 

266 

12 

40 

10 

- 

- 

- 

249 

400 

256 

311 

13 

42 

21 

20 

14 

13 

500 

263 

301 

11 

41 

20 

- 

- 

- 

500 

266 

301 

11 

46 

18 

16 

16 

12 

700 

251 

285 

11 

48 

16 

- 

- 

- 

800 

219 

251 

10 

37 

14 

- 

- 

- 

250 

400 

235 

293 

11 

45 

20 

18 

18 

13 

500 

242 

288 

11 

43 

19 

- 

- 

- 

600 

256 

297 

11 

41 

14 

15 

13 

11 

700 

- 

289 

12 

47 

15 

- 

- 

- 

800 

222 

261 

12 

40 

12 

- 

- 

- 
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TABLE  IX  (Continued) 


MECHANICAL  PROPERTIES  OF  MEDIUM  CARBON 
Ni-Cr-Mo-Si-V  MARTENSITIC  STEELS 


Tempering 


Heat 

Temperature 

Y.S. 

U.T.S. 

El. 

R.  A. 

Ch&rpy 

Impact 

Energy, 

ft-  lbs 

No. 

°F 

Sc$i 

ksi 

JL 

h 

-‘•70  ? 

0  F 

-63  F 

-200  F 

Z51 

400 

250 

261 

12 

40 

12 

„ 

500 

251 

308 

10 

38 

18 

17 

16 

9 

600 

256 

305 

11 

39 

16 

14 

14 

3 

700 

255 

300 

11 

39 

13 

- 

- 

- 

800 

226 

273 

11 

34 

11 

- 

- 

- 

Z55 

400 

230 

283 

13 

50 

22 

1G 

16 

10 

500 

222 

264 

12 

48 

18 

- 

- 

300 

218 

255 

12 

43 

18 

16 

16 

11 

700 

209 

235 

12 

5  J 

IS 

- 

- 

- 

800 

199 

213 

13 

51 

23 

- 

- 

- 

Z56 

400 

240 

305 

10 

37 

18 

18 

15 

10 

SOO 

246 

298 

11 

39 

17 

- 

- 

- 

600 

246 

295 

10 

36 

16 

14 

12 

s 

700 

243 

L86 

11 

39 

11 

- 

- 

- 

800 

210 

251 

11 

39 

12 

- 

- 

- 

257 

40U 

256 

316 

10 

35 

18 

17 

15 

*7 

* 

500 

255 

310 

11 

39 

17 

- 

- 

- 

600 

261 

307 

10 

41 

16 

15 

13 

6 

700 

259 

299 

11 

41 

14 

- 

» 

•• 

800 

226 

272 

11 

38 

8 

- 

- 

- 

25  R 

400 

235 

286 

13 

50 

22 

21 

21 

16 

500 

224 

264 

13 

53 

18 

- 

- 

- 

600 

220 

253 

12 

51 

15 

16 

16 

12 

700 

20S 

233 

13 

56 

19 

- 

- 

- 

800 

203 

221 

13 

53 

23 

- 

- 

- 

259 

400 

248 

301 

11 

43 

21 

20 

15 

11 

500 

244 

296 

11 

39 

20 

- 

- 

- 

600 

256 

294 

11 

4? 

19 

15 

16 

m 

700 

245 

281 

II 

45 

1? 

- 

- 

** 

800 

216 

252 

11 

41 

14 

» 

- 

- 

260 

400 

256 

312 

11 

40 

20 

17 

15 

3 

500 

255 

308 

10 

39 

16 

** 

- 

- 

600 

263 

306 

10 

42 

IS 

17 

13 

S 

700 

261 

300 

11 

40 

17 

- 

- 

- 

800 

234 

275 

13 

46 

II 

- 

- 

Average,  longitudinal  properties 


MECHANICAL  PROPERTIES  OF  Ni-Cr-Mo-Si-V 
MARTENSITIC  STEELS  <Ni,  Mn,  V,  Cb  SERIES) 


CVN 


Rest 

Y.S. 

U.T.S. 

El. 

R.A, 

ft- 

lbs 

No. 

ksi 

ksi 

% 

% 

+70  F 

-05  F 

Remarks 

Z332 

265 

310 

10 

31 

11.5 

9.5 

Columbian:  Series 

268 

312 

11 

33 

13 

9.5 

Z333 

267 

311 

11 

38 

15.5 

11 

268 

310 

10 

38 

16 

12 

2334 

264 

306 

12 

35 

1? 

14.5 

266 

310 

11 

38 

17 

13.5 

1 

’ 

Z273 

273 

317 

11 

40 

16 

12 

Nickel 

Series 

2?i 

319 

11 

37 

14 

13 

1 

Z274 

282 

324 

11 

40 

14 

13 

281 

325 

11 

10 

14 

13 

2275 

279 

324 

11 

40 

16 

14 

279 

324 

12 

43 

16 

13 

2323 

264 

31! 

8 

19 

13 

10.5 

265 

310 

8 

ZO 

12.5 

10.5 

2330 

263 

306 

10 

31 

15 

12.5 

j 

261 

306 

11 

3? 

14.5 

11 

i 

sa?i 

262 

303 

12 

3C 

18.5 

15 

i 

263 

305 

11 

40 

18.5 

14.5 

1 

t 

2276 

264 

312 

S 

2; 

13 

11 

Vanadium  Series 

264 

312 

9 

23 

14 

11 

2277 

268 

310 

11 

43 

16 

15 

~ 

- 

- 

- 

20 

17 

2278 

264 

306 

It 

44 

20 

16 

267 

307 

12 

05 

20 

17 

> 

f 

2270 

271 

313 

10 

38 

19 

15 

Hangapsae  Series 

2?i 

314 

12 

44 

IS 

14 

j 

2271 

269 

315 

10 

36 

18 

13 

| 

! 

267 

315 

10 

34 

15 

12 

2272 

266 

318 

11 

33 

15 

12 

1 

268 

315 

10 

33 

14 

10 

LoisgituHinai  60S  ?  tempering  temperature 


TABLE  XI 


MECHANICAL  PROPERTIES  OF  STATISTICALLY  PSSIgafl? 
Nl-Cr-Mo-Sl-V  MARTatSXTXC  STEELS 


Heat 

Y.S. 

t'.T.S. 

SI. 

R.A. 

CVS, 

ft- lbs 

* r 

*IC. 

^TSCC 

Ho. 

ksi 

ksi 

% 

Z 

+70  F 

-65  F 

+70  f 

^65  F 

ksi  /in 

R  I 

261 

299 

11 

47 

18.5 

18 

59.8 

45.4 

18 

256 

296 

J1 

44 

22 

21 

62,7 

46,2 

20.5 

19 

64.3 

R  2 

266 

307 

11 

39 

16.5 

15.5 

53,5 

42.2 

I? 

261 

303 

11 

40 

15.5 

16 

60. C 

39.0 

14.5 

<r»  e 

53,9 

R  3 

263 

309 
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62.4 

S  4 
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9 
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15.5 
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49.6 

36.3 
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268 

312 

8 

25 

17 

14.5 

48.2 

37.8 

1? 
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49,9 

a  5 
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311 

10 

36 

17 

17.5 

58.8 

42.6 

,  13 

261 

301 

11 

38 

20.  S 

15 

53.3 

40. 7 

19,5 

17.5 

53.7 

- 

R  6 

271 

315 

11 

36 

15 

16 

49.8 

35.5 

18 

267 

311 

11 

35 

18 

15 

50.7 

35.5 

16 

15 

50.5 

R  7 

266 

315 

8 

28 

16 

16.5 

58.9 

36.0 

18 

264 

313 

10 

40 

17 

13 

57.6 

38.1 

19 

14.5 

<: 

- 

R  8 

272 

321 

12 

37 

17 

17 

..52.6 

36.0 

17 

274 

321 

9 

26 

18 

15,5 

49.7 

32.? 

17 

14 

52.0 

9 

273 

314 

10 

29 

15 

13.5 

48.0 

•55.0 

16 

270 

312 

8 

23 

16.5 

15,5 

47,6 

35.0 

14.5 

12 

48.0 

10 

284 

333 

8 

34 

16 

12 

40.5 

31,4 

13 

286 

332 

9 

31 

I;. 5 

U 

4g.4 

29.6 

L»,5 

9 

40.1 

11 

265 

311 

11 

40 

14 

16.5 

54.7 

37.8 

18 

257 

305 

9 

25 

14 

17.5 

54.2 

40.2 

16.5 

IS 

57.8 

12 

263 

3G0 

1C 

42 

22 

21 

66.0 

46.3 

13 

261 

299 

10 

37 

22.5 

20.5 

64.4 

46.2 

19.5 

13 

65.0 

i3 

264 

307 

11 

40 

21 

17 

82,0 

44.6 

18 

252 

307 

11 

42 

19 

18 

61.4 

45.1 

20 

15 

se,s 

14 

273 

316 

11 

35 

1? 

14.5 

47.5 

34.1 

19 

268 

312 

10 

35 

IS 

9 

46.7 

36.8 

IS.  5 

19 

46.1 

15 

269 

310 

10 

36 

19.5 

14.5 

56.0 

40.7 

17 

261 

306 

10 

34 

IS 

16.5 

56.6 

39.2 

- 

18.5 

58,8 

Longitudinal  properties,  600  F  tssoering  temperature 
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TABLE  XII 

MECHANICAL  PROPERTIES  OF  Ni-Cr~rio-Si~V 


HART 

ENSi/TIC  STkELS 

AND  300  M  S 

TEEL 

Heat 

Y.S.  ' 

U.T.S. 

SI. 

R.A. 

CVS, ft 

-iba 

R^.ksi 

/ in. 

kei 

ksl 

£  % 

+70  F 

-6.  F 

+70  F 

-65  i 

2525 

269 

3iV> 

9.5 

40 

14.  3 

13.8 

49.6 

34.4 

371 

316 

9.5 

42 

14.2 

9.5 

45.1 

35.6 

Avg, 

270 

3  IS 

9.5 

41 

14.3 

10.7 

49. 4 

35.2 

2551 

267 

310 

11 

43 

19 

16 

60.5 

45.6 

269 

312 

12  44 

20 

17 

59.6 

(■  4.5 

Avg. 

268 

311 

11.5 

43.5 

19.5 

16. 5 

60.0 

45.0 

7AA2 

240 

235 

10 

42 

18 

15 

67.9 

48.2 

<3O0H) 

248 

287 

10 

43 

20 

17 

63  3 

43.0 

Avg. 

243 

286 

1C 

42.5 

IS 

16 

65.6 

45.6 

Longitudinal  properties*  600  F  tempering  temperature 


TABLE  XIII 

COMPARISON  OF  gSPERlMSSTflL  AND  PREDICTED 
MECHANICAL  PROPERTIES  FOR  HEATS  Z525  AND  Z551 


Experimental  Results  Predicted  Results 
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TABLE  XIX 


MECHANICAL  PROPERTIES  OF  THERMAL-MECHANICALLY  PROCESSED  30CM  STEEL 


Sample 

No. 

Process 

Aust.Temp. 

ASTM 

G.S. 

Y.S. 

(ksi) 

U.T.S. 

lksiL. 

R.A. 

(V 

El. 

d")  . 

CVN 

(ft- lbs) 

1-1 

Sph.  Anneal 

1475  F 

13.5 

261.0 

293.2 

29.3 

9.0 

14 

1-2 

Roll  at  1200  F 

259.0 

289.2 

30.5 

9.0 

14 

Avg. 

260.0 

291.2 

29.9 

9.0 

14 

1-3 

1525  F 

11.8 

253.0 

288.2 

29.9 

10.0 

17 

1-4 

253.0 

288.2 

36.3 

IG.O 

17 

Avg. 

253.0 

28*.  2 

33.1 

10.0 

17 

2-1 

Sph.  Anneal 

1475  F 

14.5 

258.0 

289.2 

36.9 

9.0 

15 

2-2 

Roll  at  R.T. 

260.5 

290.2 

32.5 

10.0 

17 

Avg. 

259.2 

289.7 

34.7 

9.5 

16 

2-3 

1525  F 

12.6 

253.0 

288.2 

39.6 

10.0 

18 

2-4 

251.5 

288.2 

38.4 

10.0 

15 

Avg. 

252.2 

288.2 

39.0 

10.0 

17 

3-1 

Sph.  Anneal 

1475  F 

14.0 

267.1 

293.2 

32.5 

9.0 

15 

3-2 

Cool  to  R.T. 

267.1 

293.2 

31.1 

9.0 

16 

Avg. 

Kell  at  1200  F 

267.1 

293.2 

31.8 

9.0 

15.5 

3-3 

1525  F 

12.4 

257.0 

291.2 

31.1 

10.0 

19 

3-4 

256.5 

291.2 

31.9 

10.0 

19 

Avg. 

256.7 

291.2 

31.5 

10.0 

19 

4-1 

Tempered  Mart. 

1475  F 

1Z.8 

253.5 

289.2 

35.7 

12.0 

19 

4-2 

Roll  at  1200  F 

252.0 

290.2 

33.7 

11.0 

19 

Avg. 

252.7 

2F9.7 

34.7 

11.5 

19 

4-3 

1525  F 

11.8 

248.0 

288.2 

36.9 

11.0 

20 

4-4 

247.0 

28U.2 

39.6 

12.0 

22 

Avg. 

247.5 

288.2 

38.2 

11.5 

21 

5-1 

Tempered  Mart. 

1475  F 

12.9 

249.0 

291.0 

39,0 

11.0 

20 

5-2 

Roll  at  R.T. 

251.0 

291.2 

40.2 

11.0 

20 

Avg. 

250.0 

291.1 

39.6 

ll.O 

20 

5-3 

1525  F 

11.6 

248.0 

290.2 

41.4 

12.0 

20 

5-4 

249.5 

290.2 

40.2 

12.0 

20 

Avg. 

248.7 

290.2 

40.6 

L2.0 

20 

6-1 

Tempered  Mart. 

1475  F 

12.3 

253.0 

293.2 

40.8 

n.o 

19 

6-2 

Roll  at  800  F 

252.0 

293.2 

35.7 

12.0 

20 

Avg. 

252.5 

293.2 

38.7 

11.5 

19.5 

6-3 

1525  F 

10.7 

251.0 

291.2 

38.4 

11.0 

20 

6-4 

251.0 

291.0 

40.2 

11.0 

22 

Avg. 

251.6 

291.1 

39.3 

11.0 

Jl 

Conventional 

Avg. 

Processing  and 

1600  F 

9.4 

241.6 

282.3 

44,? 

12.0 

?.o 

Heat  Treatment 


All  materiel  tempered  at  600  F  for  2  +  2  hours 
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SIZE  AND  HARDNESS  OF  THERMAL-MECHANICALLY  PROCESSED  LOW  ALLOY  MARTENSITIC  STEEL  (Z35 0 
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(a)  Tensile  Specimen 
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Thickness,  B  «  0.400" 
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|  .45-. 55 

(b)  Slow  Bend  Fracture  Toughness  Specimen  (Three  Point  Loading) 


Figure  l.  Dimensions  of  Tensile  and  Fracture  Toughness  Specimens 
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Figure  12.  The  Effect  of  Itoigsteu  sn  Strength  &n4  ?.©«g&n*ss  in 
Ki~Cr-Ke-W-V  Ear  tests!  tic  Steels 
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Figure  14.  The  Effect  of  Silicon  on  Strength  and  Toughness  in 
Ri-Cr-Ho-Si-V  Martensitic  Alloys  (Z5S,  Z59,  Z60) 
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Teat  Temperature,  °F 

Effect  of  Vanadium  on  Charpy  Impact- Transition  Curves  for  Ni-Cr-Mo-Sl-V 
Martensitic  Steel* 
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Figure  32.  The  Influence  of  Hs  on  Strength  and  Toughness  in  s 
'  i  .  Hi-tCr-Mo-Si-V.  Martensitic  Steels  ; 
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Figure  33.  Transmission  Electron  Micrograph  of  Heat  Z270,  Containing 

0.26S  Sa,  Showing  Short  Kicrotwins  in  Soose  of  the  Martensite 

Plates 


Figure  34.  Transmission  B3ectron  Micrograph  of  Heat  2272,  Containing 
0.787.  Mn,  Shewing  Long  Microtwins  in  the  Martensite  Plates 

26,000 X 
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757.  Cr 


Molybdenum,  7, 

Graphical  Representation  of  Mechanical  Proper ty-Composition  (.Molybdenum) 
Prediction  Equations  for  Heats  R1  Through  15 


Cr  +  Mo  (in  Weight  Percent) 

Figure  40.  Variation  of  Fracture  Toughness  with  Combined  Chromium  and 
Molybdenum  Content 


Cr/Mo,  Atomic,  7. 

Variation  of  Fracture  Toughness  with  Chromium  to  Molybdenum  Ratio 


Figure  42.  Strength-Torghnces 
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ltimate  Tensile  Strength,  ksi 

as  Relationships  for  Ni-Cr-Mo-Si-V  Martensitic  Steels 
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Stress  Corrosion  Behavior 


Stress  Intensity,  ,  ksi  /in. 
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Function  of  Phosphorus  Content 


Phosphorus  +  Sulfur,  7. 

:lea  of  9-4~45  Steel  as  a  Function  of  P  +  S  Content 
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Time  to  Failure,  Minutes 
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S~N  Curve  for  Boinitic  Alloy  Z411  (VJ.M) 
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Cycles  to  Failure 

Curve  for  Msrtensitic  Alloy  C229  (ESR) 


Alloy  Martensitic  Steels 


Comparison 


MV-WI* 


Longitudinal 


Cycles  to  Failure 

Longitudinal  and  Transverse  Fatigue  Strengths  for  Martensitic 
Alloy  0229  (ESR) 
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Cycles  to  Failure 

Figure  81,  Fatigue  Properties  of  VAR  Kssperisientsl  Bainitic  <3888800)  and 
Martensitic  (3888811)  Steels 
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